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In this Issue 

At one time electronic design engineers only had to contend with designmg 
analog circuits into their products The only digital-like component in these 
products was the on/off switch. When digital circuits did come along, their initial 
use was limited to computation applications. Eventually, engineers realized that 
digital circuits could be used to implement many of the functions traditionally 
done in analog circuits. The result of this analog-to-digital migration is that we 
now have mixed-signal electronic products such as CD players, stereo players, 
and automotive eEectronics, which are designed with both analog and digital 
components. 

The primary test instrument of choice for engineers designing mixed-signal systems is the ascifloscope. 
However, because oscilloscopes have a limited number of input channels, they are not adequate for 
testing digital systems. Logic analyzers, which allow viewing several digital signals simultaneously, are 
used for testing digital circuits. Whtle HP is a leader in providing hybrid instruments that combine oscillo- 
scope and logic analyzer technologies for testing mrxed-signaf systems, as pointed out in the article on 
page 6, these products are designed with full-featured logic analysis as their goal and the oscilloscope 
capability is treated as an adjunct to the analyzer. This article introduces six articles on a new family of 
oscilloscopes and logic analyzers that are targeted for mixed-signal testing, but with the opposite em- 
phasis. These instruments were designed with oscilloscope capabilities as a priority and logic analysis 
as an adjunct. 

The article on page 10 discusses an application in which the HP 54645D mixed-signal oscilloscope is used 
to simplify testing and debugging a microcontroEfer-hased mixed-signal design. Topics covered in the other 
mixed'Signel articles in this issue include the concurrent design and features of the HP 54645D mixed- 
signal oscilloscope and the HP 54645A two- channel oscilloscope Ipage 13), the effect of memory depth 
and peak detection on a digital oscilloscope's sample rate (page 23), the use of acquisition clock dithering 
in the HP 54546A/D to reduce aliasing and improve the display of signals that are subharmonics of the 
sample clock jpage 26), the oscilloscope-like features of the HP 54620 logic timing analyzer (page 29), 
and the capabilities of the high-speed multiprocessor-based HP54615Band HP 54616B oscilloscopes 
(page 34). 

Monitoring yeast growth in fermentation (a process associated with making beer) is one of the applica- 
tions for the HP E5050A colloid dielectric probe (page 37). The HP 5050A probe, in conjunction with an HP 
4285A precision LCR meter and an HP Vectra personal computer, provides online monitoring of colloidal 
liquid materials (e.g. water-in-oil or oil-in-water emulsions) in the food, chemical, and pharmaceutical 
industries. Key parameters of colloids are often directly related to or can be derived from the permittivity 
or conductivity of the material. The sensing technique used in the HP E5050A provides permittivity versus 
frequency characteristics, which can be used to determine the concentration, size, structure, and con- 
sistency of colloidal dispersions. 

The need for reliable networks has brought about a proliferation of test equipment for monitoring the 
health of a network. The next two articles describe network-related test products from HP's Communica- 
tions Test Division. The first product is the HP E4219 ATM network impairment emulator (page 45). This 
emulator allows telecommunication equipment service providers to emulate ATM (Asynchronous Trans- 
fer Model networks before deploying their equipment or services. The second article describes the HP 
E4214A Broadband ISDN UNI signaling test software (page 51). UNI (user-network interface) is the 
boundary between a private or public network and the user equipment. By providing protocol message 
decoding and encoding, the E4214A software allows engineers to develop, troubleshoot, and verify the 
features and functionality of UNI signaling. 

Once the equipment is In place to capture information about activrty on the network, the next thing we 
need is some software that allows us to monitor and control network activity from a central console. The 
SNMP++ and SNMPGen software development tools (page 59) allow developers to create object-ori- 
ented network management applications quickly withotit having to he experts on network protocols. 
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SNMP-(-r ts a set of C-F+ classes that provide an obisct'Oiienteci appSicatiOTi programmtng interface to the 
services of the Simple Network Management Protocol (SNMP): SNMPGen uses SNMP-1-+ to generate 
C+t code automatJcariY 

Many of tte circuits used m netvyofk equipment and network test instruments contain microwave com- 
ponents. A network anafyier is used to test these components. A network analyzer measures the magni- 
tude and phase of the reflection and transmission characteristics of a microwave component as a func- 
tion of frequency. This information is needed by designers so tliatthey can verffy that their components 
wtll work when they are inserted into a microwave system (e.g., cellular phones, broadcast and cable 
TV. fong-distance telephone transmission, sateiJite communications, airplane radar, and so onL Since the 
introduction of the early models of the family of HP network analyzers known as the HP 8720 family, more 
and more of these instruments are being used in production test systems as opposed to their previous 
R&D role. This change has created a need for more measurement speed and an expanded I/O capability 
for integration into production test systems. The article on page 66 describes the HP B720D network 
analyzer, which contains features specifically targeted for the production environment. 

HP's Design Technology Conference [DTC| is an internal conference that enables HP engineers to share 
ideas, best practices, and results among HP people involved in the development and application of inte- 
grated circuit design technologies. When appropriate, we are able to publish some of the papers from 
this conference in the HP Journal The last five articles in this issue are from the 1396 DTC conference. 
The hrst article (page 78) describes a project to estimate the impact of interconnect parameters on the 
performance of high-end processors (interconnect Is the electrical conducting paths between devices 
or blocks on ICs). The objective was to use this information to optimize interconnect geometry. 

The next two DTC articles deal with mixed-signal modeling. In the first article (page 84), the design of a 
phase-locked loop, which is used in several HP ASICs^ involved transferring the digital portion of the 
circuit to a behavioral VHDL model and creating a special behavioral model for the analog portion. This 
separation enabled ASIC designers to run system simulations. The second article of this genre (page 89| 
describes using a tool called SABER MAST for mixed-mode behavioral modeling. The tool provides a 
speedup of two orders of magnitude over traditional analog-oriented SPICE simulations. 

A combination of commercial ASiC vendor-supplied tools and some internally developed tools were part 
of a physical design methodology that enabled designers to develop Tl-million-raw-basic-cetl, 0.35-|im 
gate arrays for HP Exemplar S-class and X-cIass technical servers (page 9&(, 

Finally, the ability to quickfy turn around a custom IC design is very important in the IC design business. 
The article on page 1D4 describes how with the proper mix of new tools and methodologies, a 1.7-million- 
FET image processing chip was designed and verified in eight months. 

ex. Leath 
Managing Editor 



Cover 

Successively zoomed views of the analog startup waveform of a circuit, captured by the HP 54645D 



mixed -signal oscilloscope triggering on digital data. 



What's Ahead 

The June issue of the HP Journal will contain four articles about the PA 7300LC processor design, an 
article about the PA 7300LC'based HP 9000 B-class workstation, an article about the low-cost HP 9000 
D-ctass server/five articles about the DeskJet 820C printer, and four articles about testing critical soft- 
ware for medical patient monitors. 

Reminder 

Because we are getting ready for a new Journal design and focusing on other projects, we won't be 
publishing an issue in October. 
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A Family of Instruments for Testing 
Mixed-Signal Circuits and Systems 

This entirely new product category combines elements of oscilloscopes 
and logic analyzers, but unlike previous combination products, these are 
"oscilloscope first" and logic analysis is the add-on. 

by Robert A, Witte 



Electronic circuits have been a part of modern life for so 
long that most people take them for granted. Some de\'ices 
are inherently electroirit' in nature such as telephones, radio 
receivers, eaiciilaiors, aiul persniial cinnpiUers. Oliver de- 
vices started out iis tnosily meclianiral ajul have gradually 
had more electronics incoiporated into tliem overtime. 
Electronics has made its way into automohiles. cameras, 
water hearerSs lionie ap|)liances, elevatoi's, thermometei's 
and weighing scales. Tliis 'electronics eveiyvvhere" tiond has 
gradually tilled modem life so tliat it is difficult to imagine 
what life would be like without aO those electrons numing 
around doing their jobs. 

Most early electronic systems w^ere analog, especitiily if they 
interfaced to real-WT>rld physical phenomena. The emergence 
of digital technology resulted in the gradual diffusion of digi- 
tal gates into applications that were once exclusively kmalog. 
Tims, im 'analog moving to digital" trend emerged as the 
number of digital gates ];)ci' acre of silicon continucHl to i^row 
at. a fa-s! rate. Analog circuits will nevei^ l>e totally replaced, 
since for the most part the real world sttit^homly retains its 
analog behavior and circuits that interface to this world 
nmst retain at least, some iuialog circiiiti^. The result is that 
many electronic systeuLS 'twe mixtiu'es of mialog and digital 
circuitry diat have come to be know^n as '* mixed analog and 
digital" or simply "ruixed-signal.'' 

The single-cliip microcontroOer has emerged as an important 
component in these mLxed-signal designs. Of coins e, micro- 
controllers have Ijeen aromid for decades, doing the lowdy 
control tasks in c^xst -sensitive applications while their more 
pLvwerful sibluigs ("rear' microprocessors such as att 
Intel80486 or a Pentium'^) got all of the attention, usually 
because of their cr it ical I'ole in personal couiput ers. Mean- 
wliile. the single'Chii> microconti oiler iuj|trc>ved ii^ [>erfor- 
mance, juoving from 4 hits to B hits and ]li l)its while also 
impro\ ing in cost-effectiveness. Withont much fanfaie, tliese 
single-ciiip de\ices found their way into a wide range of 
designs, causing tmv authr>r to refer tcj them as ''Tlie lltimate 
ASIC."* These devices are often used to control oi' measure 
a physical system (e.g,. antilook braking, camera control, 
appliance controls, industrial control systems j* A generic 
block tliagram for such a system is showii in Fig. 1, and m\ 
example of a mixed-signal single-diip microcontroller is 
presenl ed on i>age 8, 

This increased use of mixed-signal electronics is showing up 
in a wide variety of industries and applications. Consumer 



electronics is an obvious area, with mlxed-signal designs 
being used in CD players, stereo receivers, tape decks, and 
camera electronics. Similaily, connnunh alions devices such 
as modems, telephone answerijjg niachinesi and multimedia 
hoaixJs for PCs all use juixed-sigjial elect rot tics. There aie 
many applications in industrial eleclronics, including process 
control, industrial whaler heater controls and other sensor- 
based systems. The growing area of mechatronics (the 
merger of me eh an Seal and electronic t echo ology^) is primmily 
mixed-signal in nature. A laige and growing mixed-signal 
area is automotive eledronics, uuiudLng subsystems sucii 
as the previously mentioned anlilock braking systems 
and igitjtion control. Biomedical applications are mu>tlier 
emergiiig ai'ea, with mixed-signal ciectronics beir^g applied 
in [lacejiiakera, hearing aids, ajid other medical devices. 

Systems can be totally digital if only on-off control is 
required, MtJie likely, tlieie Is some physical quEuitity Ijeing 
measured or controllerl that re{4uires a poilion of the elec- 
tronic system to be analog. The increased use ofsensoi's 
aJlow^s engineers to create smarter contr<jl systems tliat 
monitor pliysical events and do a better job of controlling 
the system. A good exami:>le of this is antilock braking 
systems in aut<»niobiles. in Ibis case, electronics (in eluding 
sensor teehnoli>gy j is he ing used to make the braking effec- 
tiveness of the automobile far better than w^ould be possible 
In a pmely mechanical system. 

Oscilloscopes 

For designers ol luixed-signal systems, the troubles hoot ing 
tool of choice is the oscilloscope. The versatility of the oscil- 
loscope fcji' viewing a wide vaiiety of w^ivefonns tillow^s the 
design engineer to see wiiat's happening m the :le\ice under 
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Fig* I* Block diagram of a generic niixed-sigiiat s>^stem. 
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tesL Other test ii^tnunents may also be used but the oscillo- 
scape remains the fiist tool that most users turn to for de- 
bu^^ing circuits, 

Mixed-si^ial engineers expect many things from I heir oscillo- 
scopes. The oscilloscope must ha\'e sufficient fimdamentai 
performance in terms of band\^idtli and sample rate to cap- 
ture and display signals accurately and reliably. At the same 
lime, the oscilloscope must be easy to use s() that the engi- 
neer ayi focus on Ihe operation of tlie circuit and not on tlie 
npeiaiion of the oscilloscope, hi the heat of the tnjuble- 
si>o( jting halUe. it is very distracting for the user to have to 
iiiterrufji the debug prores!> to deal \^ith an uncooperative 
test msErument 

Ultli i1h* incn*asius digital cunH^ni in these mixed-signal 
sysieiiis. a two-channel or even a foiuH-hannel oscillo.scotje 
quickly runs out of inputs. It is just nut possible to view tlie 
i outijlete operatiejti ore%en a simple digitiil circuit with a 
i^onventional oscilloscope. Take the trhlal example of a 4-4311 
np/<i()wn roiinter. With font out put lines, a clock input, a 
hiad input, luid cUV u]Vdnwu count control, ihe couiUcr will 
ha\'e at leasl se\er^ digital signals associated \^iih it (^md 
perhat>s more). Hmce an engineer cannot \ie\v £ill of these 
siguiils at once with an oscilloscope, the usual remedy is to 
aj)pl\" "mental stoi'age.'' The engineer applies the oscillo- 
scope ijrohe to a paiticular signal, \iews i(, and stores the 
image into mental memoiy^ then moves to other signals of 
interest and repeats the process. E%*entuallyt a picture of the 
t^ntire < ircuits operation is fomied iti the inirid of the debug 
artist. Sonu'liuies this picture is precise and memmigfiil but 
sometimes if is cloudy aii<l full lU um ertainly. 

Logic Analyzers 

The idt/a behiiTd a logic analyzer is ihai nratiy digitiil signals 
can be viewed simultaneously so that an engineer c^tii ohtain 
a complete and accurate picture of v^hat is realiy going on in 
a circuit. One of the trade-offs nuidt^ iti a l<jgic nwilyyA^r is 
tiial only rlijtital sigtials ( ati be viewed and rMily an i<lealized 
wvt )i I St n Id if .>n o r t h t ^ wav e it m n is j k )ssi I *1 e. Tl lat is, the wave- 
form is tteated as a pitivfy binao' signal and is di.s[jlayed as 
eilher a logic hij;h or a logic low, with no detail of the actual 
wavefonu shatK\ This is a reasfinalih* couijH'f^iii.se since the 
major problem in a digital system is detenuining wliether 
the circuit operatiou is roirect. It is a tuiurtional check that 
dot^s not require the wavefonu detail. In fact, it can be aigued 



that complete waveform detail is mostly visual noise when 
checking the functionality of a digital circuit. 

As logic anaJjT^rs e%olved. they tended to be optJituzed for 
solving tlie really tougli problems that come with complex, 
bus-based microprc»c*essor sysien^. Most nu^ent logic ana- 
lyzers ha\'e a minimum of i32 chanjieb and may have 128 
channels or more. They also provide extensive trigger and 
selective storage features thai make them mimaiched in 
debugguig and trou!)leshiM*ling power. This pcnver inlu^renlly 
leads to a certain level of complexity in the anal>'zer; com- 
plexity that can be a barrier lo the oscilloscope-oriented 
engineer. Many designers of mixed-si^ial sj'stems. even 
when linuie<i by the number of chaiuiels on their oscillo- 
scopes, remain reluctant to adopt logic analyzers, 

M ixe d -Signa 1 Oscillosco pe s 

Further investigai ion into this avoidsmce of logic aualyzets 
revealed the oppoil unity for a new kintl of test instnuuenf 
ijiat would extend the clumnel count of theoscilloscoj>e 
without losing its inheretU appeal. A series of market re- 
search act hi ties were latutc^hed to determine how to fill this 
giip bet TA' ceil 4>scillosct)pe and logic analyzer t.'lciu'ly. engi- 
neers were hinited by the number of channels on their oscil- 
loscopes btu they were not always adopting a logic analyzer 
as the solution. \^^at eventually emerged is an entirely new 
t>roduct category' Uiat combines elements of osciiloscupes 
and logic analyzers. 

As a world leader in logic* analyzer products, HP had already 
piotieered the creation of hybrid instnmiciits that coiului^e 
oscilloscope and logic analyzer tec Imolog^^ (III* H3(H) Series 
atnl HP 16500 Series logic analjzetSt for exaitiple),- However^ 
these t:>rodui"ts were designed with full - feat iti^efl logic imalysis 
as duir lop j priority and the nsc illosco[jt^ caj>ai>ilif:y is an 
adjunct to the analyzer. The new prnxhict line starts with the 
oscilloscot^e uscT in mind. These products iue "oscilioscope 
first" mid logic analysis is the at id -on. 

A family of HP produt^ts aimed at mixed-signal testing has 
been created. The HP 54ti00 product line now offers tlie 
fuliowiug set of test iiistnunents appropriate for mixtMl- 
signal w{>rk: 

The HP ii4(>4r>n mixed-sigtuil oscilh*scope (Fig, 2 J cojubiues 
two lOO-MHz oscilloscope channels with Hi logic timmg 
channels. This is the ultimate ntixed-signal testing loot 




(9l 



(b| 



Fig* 2, The HP ri4fl4r>A lwi*-f liatiiifl fm* illiiK<;<ipf* (b) and the HP MiH'tD niixt^il signal oscillosciipf fb), I"ft3i vvjlli MegaZuum. ^re exarntiles 
of the liC'U fucxlutl riilo^(]i> e)f tiiixt'tl-*ii^inl fWf'illoscope.s. 
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Mixed-Signal Microcontroller 

As explained in the accompanying article. HP's new family of mixed-sig- 
na! lest insiruments is designed to meet the needs of designers of prod- 
ucts thsi are partly analog and partly digital such as antilock braking 
systems, camera control systems, appliance controls, and industrial 
control systems. Many of these products are based on smgie-chip micro- 
controllers. The producers of these products are demanding simpler and 
cheaper electronic assemblies from system developers, and this pressure 
to reduce costs is fed back to microcontroller suppliers in a number of 
ways, most of which can be summarised as a greater integration of 
mixed-signal peripherals with ihe microcDntrallercore, Thus, the micro- 
controflers themselves are becoming mixed-signal devices. 

For example. Microchip Corporation's PIC1400D microcontroller inte- 
grates a number of peripherals that are often requested by system de- 
signers. This peripheral set, v^ich is well-suited for slow-moving real- 
world analog signals, is packaged with Microchips 14-bit microcontroller 
core to create the PIC 14000. The peripherals are: 

> Single-slope analog-to-dtgital converter (ADC) 
o IG-bit programmable timer with capture register 
o 16-ms maximum conversion time at maximum resolution with 4-MHz 
clock 
•" 4-bit programmable current source 

8 external channels, two with selectable level-shift inputs 
o 6 internal channels 

* On-chip temperature sensor 

^ Two comparators with programmable references 

i Internal bandgap voltage reference 

1 Voltage regulator control output 

^ On-chip low-voltage detector 

Wes Reid 

Senior Applications Engineer 
Standard Microconiroller St 
ASSP Division 
Microchip Corporation 



QSa 



OSCZ/CLKOUT 



Exremal Vnltaye 
Rtj^uifilDr Coiilriil 




Dual 

3-DecaiJe 

Logan thmic 

OACs 



Fig, 1, Block diagram of the PIC140DO mixed-signal micracontr oiler. 



because it seamlessly integrates oscilloscope channels and 
logic timing chamiels. Tliis product includes HP's Mega- 
Zoom techiK)log.VH which delivers the benefits of a million- 
samiJle memory for each channel without ihe agonizingly 
slow responsiveness nonnaUy associated with deep memoiy. 

• Tlie HP 54645 A two-chaiuiel oscilloscope witli MegaZoom 
(Fig. 2), a general-piupose oscilloscope, is the fu^st afford- 
able iOO'Mllz digital oscilloscope with stifficienl sample 
rate and memory' depth io capture a wide raiTge of analog 
and digital signals, Tiie HP 54645 A has the same basic Mega- 
Zoom teeImolog>' as the D version but does not have the 
logic chaimels. 

• The HP 54620 A/C 16<'hannel logic timing analyzer is an 
easy-to-use logic anal^^er desigi^ed to be Hie perfect com- 
panion product to ail oscilloscope, perhaps Hie one that tlie 



user already owns. This logic analyzer has an oscilloscope 
user interface metaphor so that it is faniQiar and easy-to-use 
for the topical oscilloscope user 

Tiie HP 546 15B and 54616B/C SOO-MHz two-channel oscillo- 
scopes arc general-purpose oscilloscopes that provide the 
bandT%idth ;md sample rate ( 1 GSa/s anci 2 GSa/s^ respec- 
tively) needed for high-speed digitd work while maintaining 
the respons; veil ess and trustworthiness required for mixed- 
signal del>ugging and troubleshooting. The HP 546 16C has a 
flat-panel color display. 

While eacli of these products represents a particular mix of 
features and perfonnance. they all shaie the core values of 
the HP 54600 product line: 
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• Direct Access Coiurols on Main Funtitions. The volts/dhi- 

sioiL tinie/divlsion. posit ion* and trigger Ie\cl controls are 
all dedicated knt>l>s for easy access. 

• Responsive l"ser Interface. Insrant response lo front-jjanel 
changes is critical to making an oscilloscope c»asj^ to use. 
All of these products pro\1de sufficient processing power 
to maintain a resjionsjve from panel . 

• Fast Fpdaie Rate and Ltjw Dead Hmc, These products use 
Tnultiprocessor arcliitectiires to make sure tite display is 
updated quickly. 

• Digital Peak Detection. These products have true digital 
]jeak detection, which is available on ail sweep speeds. 
Digital peak dete<'tion keeps the sample mte operating at its 
niaxintiini specificsition even on vei>' slow tinte l>ase settings, 
guaranteeing that short -<!uration events (such as glitches) 
are not missed (see article, page 23). Peak detection also 
prexents aliasing. On the HP ;>4620A/C logic analyzers, the 
equivalent feature is glitch detection. 

• HP Proprietary* Alias-Reduction Techniques. All of tlte HP 
546fH) Series oscilloscopes employ liP's proprietaiy alias- 
reduction techniques to reduce the possibility of an erro- 
neous displayed waveform (see ariicle, page 2$), 



• Compact and Portable. These products pack a lot of 

measurement power into a compact size and the small 
footprint helps save pre*ious bench sjiat^e. 

• Optional HP-IB. RS-232, and Parallel Interfaces, These 
products offer a choice of computer and printer interlaces. 

• Optional Measurement/Storage Module. This option 
provides FFT. ad^-anc ed math, and pass/fail mask testing 
(oscilloscope products only). 

The accompanying articles in this issue desc ribe some of tlie 
key design contributions incorporated in these products. 
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Testing a Mixed-Signal Design Based 
on a Single-Chip Microcontroller 

The HP 54645D mixed-signal oscilloscope simplifies the testing and 
debugging of microcontroller-based mixed-signal designs with its 
integrated analog and digital channels, 

by Jerald B. Murphy 



This article presents an example that shows how the HP 
54645D mixed-signal oscilloscope (see aiticle, page 6) might 
be applied to m"iderstand the operation of a device that pro- 
duces a 60-Hz reference signal that is used by other devices 
in a system. The reference sme wave is produced by low- 
pass filtering a pulse width modulated signed generated by a 
P1C16C74 8 bit CMOS single-cliip microcontroller (see block 
diagram, Fig, 1). This is a fairly tji^icai applicailon of these 
powerful, low-cost devices, 'Hie low cost aiid availability of 
single-chip microcontrollers lias resulted in their application 
in areas that pre\iously were nonelectronic, and m some 
cases even mechanical. Examples include the replacement 
of clockwork-diiven apphance switches and motor control. 

In this application we have a ver^^ stable signal being pro- 
duced with a simple design. An analog design with the same 
level of performance would have been much more complex. 



The pulse width modulator (PWM) of the P1C16C74 micro- 
controller is controlled by an 8-biT input. This input is pro- 
vided by a lookup table stored m the microcontroller's 
memory. In operation t he nucrocontroller sends the first 
control iniutt to the PWM from the lookup table, waits a 
sjieciilef I timet atid tlien sends the next value m the lookup 
table to t he PWM. When the last value m the lookup lable is 
sent to the PWM, the microcontroller's counter is reset to 
stait the process again at tlie top of the table. Tlie iiijxit lo IJie 
pulse width modulator is available on the microcontroller's 
port B RB0-RB7 data Imes. 

In this ap]7lLcation we can view the FU^'s output and I he 
8"bit data that produced that output- This wHi enable us to 
verify the correct operation of the PWM. 



PI{:tGC74 Microcontroller 



Addra&s Bm 




L 


^ 


1 


Address 

1 


8 


7^ 






Date Bus 










DuTv Cycle 
Ragislers 


► 







1 



Clock 
Oscillator 



Timing 
Generarion 



Pulse Widih 
Modulntor 



RC1/d^1 



^ Port B U HP54545D Logic 
Channelspto7 



KP54645D Analog 



low-Pas£ 
Filter 




Channel A1 



HP»fi45i} Analog 
Channal A2 



Fig. I, Block diaj^raJn of the PIC16C74 microcontroller and low 
hookup to the HP 54645D niixed -signal oscilloscope. 
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Fig. 2. itliich tnggeriM>? is used in loratf the muuiiiLuiT pulst^ width 

nfthi' |»iilsfrMVir|tl3 rTTKlutalnr of the F*irinr7-i !itir-nir'tnirrvj]!»-r 



Fig. 4. A rTLLKCf I -signal nLeasuremeni. Thp dt*lay from digital control 
U\ [Jiilst- uidlh niifptiE in nieasnrriri in bf^ H.'2 [in 



T\w nrs! j>tef> in testing th.is design is to vt^rify the operation 
oft lie PW.\i. We wmit to make sure that the ininiinuni pulse 
width is correct imd the maximuni pulse v\idth is less than a 
[jeriod of the system*^ btisic timing. Tlie inininimii pulse width 
is found hy using the IIP 54645Ds glitch triggering motle. 
We simply use one of I lie analog chjuinels to probe the P\VS\ 
and then select the "le.ss than"" mode of ilie gUtch tiiggcr to 
Fmd the niuiiinuni pulse width. 

The niiujinuni pulse width should be approximately I [is, so 
we set that as the search conc!ition in the glilch trigger Now, 
dec reasi n g 1 1 1 i s v; iJ 1 1 tM i n fi 1 1 h cm u i xc d-s ignid osciilosco pe 
sioijs higgt^ring [which happens inuncdiately) isolates the 
miniuumi pulse widlh {Fig. 2). A])plying the mixed-signal 
oscilloscope's automatic nieasuretnent feature gives a mea- 
surcmenl (jf this pulse width as bf)2 \xh. The maxinunh inilse 
width can be knaterl in die fist^illosrrjpe s deep uN'moo hy 
delaying I he sweep by H.'A nis (hidf (he ]»eriod of the liO-lli^ 
signai). Here we observe a ptilse that is H'yi'y j.ls wide witli 



clean trajisitions on either side. By probing the microcon- 
trollers poj1 B data lines we can observe die in|>ut and out- 
put of the PWM. The deep memory of the mixed-signal os- 
cilloscope greatly sittipllfies the task of observing this 
operation. Simply pressing the Autoscale key results in a dis- 
play that conrains hoih the ;uiHh>g t harmel dis|>laying the 
PWM output ajid the eight logic channels dis] slaving the 
PWM's input. The resulting display is tiot well triggered but 
the waveform data needed to obsen^e tiie PWM operatitm is 
<*aptitred in the* oscilloscope s deep memory. Simply pn^ssing 
the Run/Stop key fjcezes the display [Fig. 3) so thai the con- 
tents oi' the oscilloscope's deep memory can be ex^imincd by 
paiining and zooming, u>sing the osciQoscope*s time base 
controls. We see that the uiininnnn and nmximum values of 
the piilse widlh are related to the (U) and VF values of the 
digital inputs. The display is isoomed in on a leading edge of 




Fig, :i. A mixed -sigft^'il display (4 Pk^ jnjJse wadth j!t<KluJ;.il.nr uutjiul 
on chiirmel Al and the liigitaj control hiie.s 0-7 {RBO h) RB7 i[] FiA^ i j. 



Fig* 5* A virnv rsffhe tntui oiM-o^rifUi n\' thij?. niixi'd- signal Kysii'iii. 
The pulsi? wijJtii mcdukitor nnlput is chsmnel AJ , the cintpiit of 
tlie lcisv-f)a*^ii niter is fhanuel /\2, aiui (li^^itaJ < hanni'ls O-T are the 
ptilse width aKMlulat(jr eumrnl iine,s. 
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Fig- 6. CinaoT i 1 is plaL^ed at iJie point whorf tho digital control 
lilies enter tho state FF. 

one of the P\VjM jjulses aiid ihe delay from the digital input 
to the PWM output is nieasured to be 8.2 as (Fig, 4), We can 
condude that the PWM is opemting properly. 

The next sel of questions relate to the low-pass filter 
One questitjrt might be, "WhRt is the delay from the digital 
input of the PWM to Ihe output of tlie low piLss liller?" This 
meiisurement is easily accomplished with the HP mixed- 
signal oscilloscope. Connect a second oscilloscope probe 
to I lie output of the filler and press Autoscale. The lesulting 
nnxed-signal display contains Ihe digital iupul to the PWT\1 
the variabie-width pulse output of the PW'M, and tJie output 
of the low-pass filter The oscilloscope is now triggered on 
the nsing edge of the sme wave output of the low^-pass filter 
Tlie total operation of the system under tesi is now displayed 
on one screen (Fig. 5). 

The delay from the digital input of the PWM to the output of 
tJie low-pass filter can be measured by first placing a cLusor 
on a known value of the digital input lines. After selecting 
the hexadecimal cursor reatlout mode, the tl cnrsor can be 
placed at die point wjiere the digital lines fust reach the Viilue 
of F?^ (Hg. bj. The t2 cuiBor is then placed at the maxinnim 
value of the sine w^ave. Switching tlie ciu'sor readout to time, 
this delay is measiu-ed to be 2.611) it\s (Fig. 7). Tliis measure- 
ment was made without having U) take into consideration 
any adrlitional delays that might he associated with the 
instrtmieiUat ion. Tlie deep memoiy of t his product allows 
this measurement to be made on data tJtat was gathered on 
one trigger There w^as no need to be concerned about errors 
that might he produced by having the display tnade up of 
many cycles of syst^em operation. 



Fig. 7, WiLii iiursiJi' l2 pJactfU on tlie peak of Uie iuw-iJLitiii illLi-]' i>Lih 
pul aiitl t.lip cursor readout changed to time, ihe delay from digital 
conuTiHiid to output ia measured to be 2.610 nis. 

In tills example we have seen how the IIP 5464 5D mixed- 
signal osciUoscope simplifies the testing and debugging of 
niicrocontroOer-based mixed-signal designs with its inte- 
grated analog and digital channels. The user of the HP 
mixed -si goal oscilloscope has the advantage of MegaZoorn 
technology's high-speed display, instantly resi>nndingcon- 
trolSt and deep rnenioi^' to simphfv' the testing phase of tlve 
project. The integrated tuialog and digital channels produce 
an easy-to-tmderstand view of the device under test. The 
ghtcJi triggering was tised to isolate a point of interest. In 
this example there was little need to use any of the mixed- 
signal oscilloscope's jjattern or advanced pattern triggering 
capabilities. Tiiese features provide even more debugging 
[>ower w hen needed. Both cursor and automatic measure- 
ments were used to characterize the device inider test. 
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Design of a Mixed- Signal Oscilloscope 

This comfaination of a digital oscilloscope and a logic timing analyzer 
provides powerful cross-domain triggering capabilities for capturing 
signals in mixed-signal environments. MegaZoom technology, consisting 
of advanced acquisition techniques and dedicated signal processing, 
maintains display responsiveness while making optimal use of deep 
sample memory. 

by Matthew S* Holeomb, Stuart 0» Hall, Warren S. TtistLD, Patrick J. Burkart, and Steven D, Roach 



The design of tlie HP 54645A/D oscilloscopes mtrodiiced in 
the aiticie on page 6 began with the HP 54645 A. en\isioiied 
as a perfomiaiice upgi'ade to die IIP 54600 Series oscillo- 
scopes.^ These oscUloscopes, Lnlroduccd in 1991, have an 
almost analog look and feel Their three-processor design 
yields unprecedented disijlay update rate and responsiveness 
al an afff.irdable price. The ni^or design goal for the HP 
34545A wiij, Ui improve rhe sample rale perforniaiice by an 
order ul niagnitutle vvlijle maintaining the responsiveness 
and display update rate of the existing HP 54600 Series 
products, 

Ultimately, t^vo new products were created: the HP 54645A 
two-channel oscilloscope aiid the HP54(>45D mixed-signal 
oscilloscojje. Ttu* niixed-signaJ oscillosroj>e is a new ijt'oduct 
category that atlds 16 logic timing mialyzer inputs to the two 
channels of ascilloscope inptit. In addition to displaying all 
16 logic channels, the HP 54645D provides advanced logic 
tiiggering funclioiL'> on [>altenis that can span Jill 18 t hannels. 

Tlie HP 54ti45A and 5464 5 D were designed concurrently. 
We made ever>' (effort to have tlic oscillDstotJe-only tJrodnct 
(die I1P54G45A) be simply tiie combination product (the 
HP54(545D)t with an external trigger circuit substitiUed for 
the digital channel subsystem. Even the rirmware ROM in 
the I wo products Ls identicaJ. 

Architecture 

We starterl the design by modifying the arcliitectui'e- A sim- 
plihed I>lock diagrani of an HP 54600 Series oscilloscope is 
shown in Fig. 1. Two It's form tlie core of the system: the 
acquisition processor and the display processor. The display 
system was left alone aiid only the acquisition circnitrj^ was 
ivdesigned. We kept the same display, the simie package, tlie 
same analog front end, and the same host 68000 processon 

In the original Hf* 54600 design, die acqnisition processor IC 
was respoiisible for taking the digitized samt>les from the 
analog-tf>-digita! converter (ADCJ and placing them hito ati 
external memor>' as time-ordered pairs, which the display 
prf>cessor K" [fkiced on the ("RT display. Mf)re sijefitlcally, 
the acquisition f;^isks inchide: 

(leneralion oi the sample rloi^ks for the ADC s <mfl control- 
ling Llie decimation of the sample clock and dither algoritlims 
for use at slower time base settings. 
Peak detectioti of the ADC data. This block calculates the 
minirmnii and maximum values of the sampled data. 



Intermediate storage of the ADC data (or minim unvmaxi- 
mtmi pLiu-s if tile peak<ietector is used) into an internal circu- 
lar 2K-sarnple memot>'. This nu^moiy, knovMi as the rapture 
RAAf, liolds the data imtil the trigger point is calculated. 
Accepting rhe analog trigger from one of the channels and 
measuring the time beirw^een the trigger and one of the 
sample clock edges. 

After the trigger is foimd, imloadiiig the data from the 
capture RAJVi into an external RAJVl known as the ivavejbrm 
RAM. For eadi sample value, a corresponding x-axis (time) 
value is calculated. 

Ail of these tasks were mtegrated into one chip for I he HP 
54600 oscilloscopes. For the new products^ we divided the 
above fimctions into separate, discTete components, as 
shown in Fig, 2, 

Clock Generation. Much of the difliciilty of the original one-IC 
design stenuiieti from mi wanted coupling between the sam- 
ple cltjiks and the trigger clot ks. In a digiial oscilloscope, 
sn<h coutJling can severely cornip! the tiitie base lldelily, 
causing time-axis nonlinearities ("howhig if; time"), lime-axis 
discontinuities, and sample bunching. In a biglier-rrequen<;y 
instntment, the design of Hie clocking m\i\ trigger systems 
would liave been all the monMhfficult, Conscitnently, the 
new pniducts have a sepm'at(\ dedicateil hijiolar W hir han- 
dling the clock generation and triggering. 

Peak Detection, As befort*, we need**d a handful of digital 
circuit ly thai stands between the ADC and tlie inteiTuediate 
capture memory. This circtiitty takes the 200-MSa/s 8-bit 
ADC data, calculates the appropriale minijmim and maximum 
vaha^s, and stores the results setjueiuially into menujr>^ 

Addiiioiially^ we decided to improve the averaging perfor- 
maiK^e by digitally low-pass filtering tla^ incoming sampled 
data before storing it into meuKJiy Tlus technique (later 
riamed smoothing) requires simimhig 324)it values at a 
200-MHz rate. 

We cltose to realize these functions in a CMOS gale array 
known as the fisrllliLsraiK' slgifnl professor IC. In addition 
lo tile ftmclioris described aliove. this IC decelerales (or 
fans ovh ) the ADC data, steering ^itid decimatirtg the sam- 
pled data Into the capture memoi-y as tlescribetl next. 

Capture Memory. Recall tliat tliis memory ts used to hold the 
inr fimittg data until a siiilatilc trigger point has been found 
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Fig. i. Origmal liP 54B00 Series osci^oscope bloclc diagram. 

and measured. In the HP 54600, tlie acquisition processor, 
being a fiiUy custom design, had an internal 2K4>vl:e (IGK-bil) 
niemor>\ Such memories are less available in gate ai'ray 
technology, so combining this function with the oscilloscope 
signal processor IC wasn't a paiiieularly attractive option. 

At 200-MHz rateSj or 40{>Mliz rates for the timing chai\ne]s, 
high-speed memories aren't off-the-shelf plug-ui items, A 
traditional ECL design would be power hungry and costly. 
Our solution was to use conunercially available video 
nieniories (VTiMls). Since these parts have a 50-MHz 16-bit 
interface, we eould store data at a lOO-Mbyte/s rate per 
memory. Each channel then requires only two devices. Since 
these memories are dual-ported, we can access the data (for 
plottuig) sunultaneously with the acquisition process, an 
advantage that we capitalized on further, as explained later. 

Each \^41\1 has a capacity of 4M bits, resulting an SM-bit 
(or IM-bjtej memory depth per channel Tliis increased 
memory depth Ls a huge improvement over previous designs 
and dehvers value to the customer tlu-ougli mcreased time 
capture at a given sample rate (see article, page 23). 
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Time Base and VRAM Controller. Along with the advantages of 
idl of rliis deep memoiy came the pj oblenis of tieep memorj^. 
Another CMOS gate anay IC was designed for managing the 
s! orage and yetrieval of data into the V'RAM an^ay lt.s primiuy 
job is to provitle the necessaiy commands to the VRAM to 
manage the data flowmg into and out of its tw^o ports. It also 
provides a lugh-speed interface to this memory' for the rest 
of the system at a sustahieci reathng or wTiting rate of ov^er 
10 million b>tes per second It controls the main tune base 
algorithms, tlie trigger delay and holdoff cotintcrs, and a 
variety of interacquisition and hUra-acqulsition sample 
dithering circuits. 

Data Processing. h\ previews prodiicls all of the time-axis 
acquisition algorithms were hard -coded into haidware. 
Such a system w as fast and inexpensive^ but more difficult 
to change. Therefore, for the new oscilloscopes, instead of 
hard -co ding the mathematics mto the time base aJid \'EAM 
controller IC, we opted to use an off-the-shelf digital signal 
processor, or DSP: Texas Instnmients' 2d^MHz TMS320C50, 
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Fig. 2. HP 54645 A osdlloscope architecture compared to iht' HP 5460IJ Tlie topology remains relatively unchanged. Otily the logic 
pailitioning is different. 



Like its predecessor, ihe DSPs .job Ls to iise the triggpr hifor- 
tTiation to detemiine whf*re each of the s^miples stored in 
the VRAMs should be placed on tlie screen. Additionally, it 
hancUes till of llie pan-aiid-zoom operations, tii lowing tiie user 
to redisplay the acquired data at other time base or delay 
setting after the acquisition is complete, 

Mixed-SigtiaJ Oseilloscope 

The idea belli nd ihe HF- .i4f>45D mixed-signal oscilloscope 
is to provide a inily seamless analog and digital waveform 
viewing insinmient- A key goal for the project was to pro- 
\1de a product that was greater than the sum of just the two 
instj lunents. By combining an oscilloscope and a timing 
analyzer, we lioped to provide functionality and ease of use 
never before available in a laborator>'^ quality oscilloscope. 

Careful attention was paid to knitting togeUier the analog and 
digital lialves of the mixed-sigBal oscilloscope. Anytlur\g you 
Cim do with the anak^g ehartnels, you can do with the digital 
chaiuiels: viewing^ autonuitic measuremenLs, triggering, and 



so on. Both halves share the same time base and the trigger- 
ing system can operate on all 18 cHiaiiiieLs. 

V^iiere the oscilloscope channels have a oseiUoscope signal 
processor CMOS gate array to decelerate and postprocess 
tlie ADC data, the digital channels ha%e a similar logic ana- 
li/zer sigffal pmce^sor CMOS gate array. However, the tech- 
niques for storing and plotting liming analyzer traces are 
radically different from oscilloscope traces. More specifical- 
[y^ on the faster time base settings, oscilloscopes use a tedi- 
nique known as ptiiut-afi'ut fitne srnnpfing to build up a dis- 
play record over iTui]!i]jle I riggers, resulting in an effective 
sample period of 50 ps or less (2.5 ps for the HP 54f>45A). 
liming <malyzer traces, however, are always single-shot — an 
entire waveform is reconstructed from each and every trig- 
ger, with an effective san)ple period exactly equal to the 
actual sample period. We therefore chose to double the max- 
imum sample rate on the logic c^hannels to 400 MSa/s to 
provide better single-shot time resolutiorK I 'sing the same 
50-MHz lO-bit VRAM nu-niory as the HP 54045 A, the HP 
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54645D has a lotal nienioiy capacity of two million sajiiples 
for each of eight digital ciiaimi^Is f samplerl a1 400 MSa/f^} or 

I mi 1 lion smnples across all 10 digital channels (sampled at 
200MSa/s). 

Use of Deep Memory 

II ha*5 lon^ been recognized that one of the factors slowing 
the acceptance of tiie digital storage osciOoscope over the 
tmditional analog oscilloscope has been the superior update 
rale of t lie tmiilog oscilloscope. ITpdate rate describes tlie 
niniibei' of wavefomis that the instninicnt can display per 
unit t ime. Sma^ upilate njte is representative of the percent- 
age of the input wave to nn that aclually gets displayed 

on the screen, it translaies to the amount of information 
' relayed to the user. In ihe past, digital slurage oscilloscope 
manufacturers used a single-proce^sor iurltilecture to liandle 
aU user interface, ac:qins)tioi^i aiiti disi)lay lasks. This ha*i 
resulted in digital storage oseilloseopes gaining a teputatioii 
for having far Inferior update rale capability compared Lo 
analog oscilloscopes. 

One of the advantages that diglta! oscilloscoi jes hold over 
analog oscilkiscopes is tlieu' ability to store the data for 
closer examination after the acquisition is stopped. Digital 
oscilloscopes with deep memory have been gaining i)opular- 
ity because of their ability to store a given mnount of time 
with more timing resolution than oscilloscopes with less 
memoiy. The deeper <m oscilloscopes acquisition memory, 
the more sai^iples per unit time it can capture. To make full 
use of the fieep memory; digital oscilloscoi>es pnnide the 
capabihty of piunihtg (moving the display window earlier or 
later in lime) and zooming (changing the display window to 
display more or less timej. Tliis allows tlie user to display 
the portion of the acquisition that is of interest, with the 
desired amount of detail 

Unfortunately, the update I'ate of the oscilloscope normally 
sulfers with deep-memo ly acquisition aicMtecriues. Tlie up- 
date rate is Inversely proportional to the amount of memoiy 
capttitedK Since every data point proce^ised has to be read 
out of an ADC converter and placed in capture memory by 
the acquisition system, more poiins translates lo more time 
to process those points. The deeij-meinoiy digital storage 
oscilloscopes on the maiket before the HP f)4(i45A/D always 
place the update rate/memoiy depdi tjade-^^ff in the haiids 
of the user by means of a human interface control for the 
arqtiisition niemor>' depth. If the user is interested in pan- 
ning and /ooming the acquired data after stopping the acqui- 
sition, the ttiemory depth can be increiised to gain more 
timing resohition for tliis tiisk. If the user is only interested 
in \iew ing repeated acquisitions of the signal, the memory 
depth can be decreased to hnprove the update rate. Tliis 
requues that the user have an understanding of tit e trade- 
offs involved and a knowledge of the user interface so that 
tlie changes cati be made. 

The HP 54645A/D oscilloscope architecture is designed to 
optimize the memor>^ depth for the user's requirements. If 
tlie tjser is viewing repeated acquisitions of the signal, the 
menior>' depth is decreased if necessaiy^ to mmntiiin the 
maKimuni update rate. If the user stops the acquisition, the 
memoij tlepth of the hist acquisition is changed to use all of 
the a\ailal>le acquisition memoiy. This feat me is made pos- 
sible by the same architectural feature tltal was designed to 
maximize the oscilloscopes update rate. During most 



continuously acquiring configurations, half of the acquisi- 
tion memi>ry is used to write newly acq nt red data while the 
otiier hah" is being read imo the display. Since ihe iuchitec- 
ture is fundamentally based on a 1 -million-point mejnory 
system, 500,000 poitns are dedicated to the m\x\ trigger 
w^hile 500,000 points are being read to the display. 

If ntemory depth has been traded off for update rate, a subset 
of 500,000 pomts is used for each trigger during continuous 
acquisition mode. For example, at 200 us/div, the acquisition 
time required to fill the screen with an acquired waveform is 
200 us/div X 10 divisions = 2 ms. The time required to ac- 
ijuire 500,000 points at 20(J MSa/s is the sample period times 
Ihe number of points, or 5.0 x lO"'- x 500,000 = 2.5 ms. Since 
the t.iiue reqiiirefl to capture 500,000 pouiLs is larger than the 
time required to fill the screen, we choose to reduce the 
number of acquired points to maintain maximum update 
rate. In this case, 100,000 points can be ncqiured in 2 ms 
(^ 00,000 X 5.0 X 10-^^ :^ 2 ms), so we acquire 400JJOO points, 
Tliis maijitains the theoretical update limitation of 500 wave- 
fonns per second (170.002 = 500 J. A more extreme trade-off 
occurs at 5 ].ts/div. Only 10^000 points am be captured in the 
50-us acquisition tinu^ (10,000 x 5.0x 10~'' = 50.0 x 10"^), 

If the user jiresses the Run/Stop key while an acquisition is in 
progress, the assumption is niadc^ that this may have been 
done to examine the last acquisition in more detail. The last 
acquisition that occurred before the user's action is stored in 
one half ofllie memory system. Since It cannot be assumed 
that more triggers will follow tlie user's action, this half of 
tlie memory may rK)t be wrkten to any more after the Run/ 
Stop key is pressed. Ht>wever, since the otJier half of die 
memory systeju now contains defunct data, the acquisition 
system is reconfigured to use the entire 500,000 points avail- 
able in ttiis other memory half, and keeps acquiring data, 
looking for a trigger. Since the primmy task to be executed 
when the user presses the Run/ Stop key is to stop acquisition 
hi wiiat appears to be ;:Ui instantaneous fashion, tlie system 
cannot w^ait forever for an additional trigger. Tti ere fore, a 
timeoul is initiated tliat will (*ause the system to cease look- 
mg for additional triggers after iOO ms. For the oscilloscope's 
acquisition system, this is a large \\indow of opportunity to 
captiu^e a deep-memory record- However, if no additional 
triggers occiu^, the ac^quisition system is brought to a stopped 
state, and the shoiter acqiusition obtained on the last tiigger 
is used for postacquisition pan and '^oom. Since most appli- 
cations involve relatively frequently occiirring triggers, this 
methodology w ill result in most users \iewu\g deep-men loiy 
acquisitions every time they stop their oscilloscopes. For 
apphcations in which the rate at wiiich tiiggei^ occur is im- 
certahi, or in w'hich diere is only one trigger event, the user 
can press the Single key and guarantee a l-miihon'Sample 
acquisition for every trigger. 

The Decimation Problem 

Even Viitii a million points of sample memory, at the slower 
time base settings, there will still be more samples across 
I lie screen than can be stored. We need to pmne (deeimale) 
the available data do^Ti to the memory size, then further 
thin the stored data down u;to 4000-point recortls for rapid 
display. In these situations, w hen the A DCs are sampling 
faster than the data cmi be used, the oscilloscope is said to 
be o vc rsan ipli } ig . 
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Fig, 3* Various decimatlan techniques shown at 100:1 overaan^plijig, 
(a) ADC samples, (b) Simple decimation, (c) Mra-acqiiisltion dither, 
(d) Peak detection, (e) Smoothit^. 

TTiere are a variety of techniques available to perfomi this 
decimatian process^ each portraying a different representa- 
tion of the inptJt signal. Some methods will tend lo highlight 
the subtle variations iti the signal, others show tlie signal 
extremes, and others hide the signal extremes. A.S an exam- 
ple, suppose that the sample rate of the ADC is a factor of 
100 greater than the desired store rate. Fig. 3 shows various 
decimation tec:lmiqueH for 100:1 oversampling. 

Simple DeGirnatioti. One sample is stored and the next 99 
ignored; tht^ji Ihe next sample is stored and the next 99 
ignored, muj so on. This approach is illustrated in Fig. 3b. 
Since it is tlie simplest to implement, it is the most common 
decimation tecluiique in digital oscilloscopes. Unfortunately, 
because of the very regular spacing of the stored samples, 
it is exceptionally prone to ali rising. Therefore, the HP 
54645.Vl> rarely use this technitiue (only when calculating 
FFTs, when extict sample spacing is called for). 

Intra-AcquisitiDn Dithering. Hather than store the first sample 
during the sample inter\'al, this patented technique stores a 
rantiomly selected sample for each interval. In Fig, 3c, sample 
#33 is stored duiing the first interval, then #69 during the 
secorid. then #2 in the third, and so on. This technitiue, used 
in all of the 546xx oscilloscopes, is remarkably effective 
against aliasing. The stored samples are not evenly spaced, 
so It beeomes much more fliflu-ult for the sampled signal to 
"lock"" lo the samples. The HP r>4(>45A/I) oscilloscopes use 
this technitjue with an iiuproved folding pseudonmdom 
number gt^neraton It is used whenever the instrument is in 



the normal display mode. For more information on this sam- 
pling technique, see the article on page 26, 

Peak Detection, Another common data compression technique 
is lo store Uie minimum and maximum values of all of the 
samples in the sample inten^al as shovni in Fig. 3d. Widely 
used in digital oscilloscopes, this technique is called peoAr 
deteeiion. ttTien this technique is in use, rare, infrequent 
excursions are never ignored (lost), as they might be in the 
preceding two methods. This approach, however, tends to 
over-emphasize noise on the displayed record. Peaks are 
exaggerated and baselines become falter at the expense of 
signal details. For example, an AM si^ial, peak detected, 
would show the modulation envelope quite clearly, but 
would lose the shape of the carrier wave. Statistical infor- 
mation about where the signaJ spends most of its time 
between the minimum and maximum values is lost. 

The HP 54645A/D oscilloscopes combine traditional peak 
detection with intra-acquisition dithering when the iiistm- 
nient is in peak detection mode. They simukaneousiy ac- 
quire and plot both sampleti versions of the uicoming signal* 
The peak detected version highhgiits tlie signal extremes 
(one minintum/maxinmm pair per pixel column ), while the 
denser con \ent ion ally sampled record (six points per pixel 
column) provides statistical uif onnation about the signal. 

Smoothing. Yet another approach for decimating the incoming 
samples is sho\^n in Fig. 3e. Here, ratiier tiian store tlie signal 
extremes for each inteival, Oie average value ts stored* This 
is logically equivalent to a simple low^-pass boxcar filter cas- 
caded with a decimatuig filter At the slowest sweep speeds, 
miliions of samples are averaged together for every point 
drawn on the screen, even on single traces. Tliis display 
mode is useful for pulling the signal out of the noise* 

^Tiile smoothing reduces the noise in the signal in a manner 
similar to conventional averaging, there are some differ- 
ences. Smoothing works on signals acquired with a single 
trigger, while averaging requires multiple acquisitions to be 
effective. Smoothuig fmictions as a low-pass filter vtith the 
cutoff fiequency depending on the time base setting of the 
osciQoscope. Wien possible, the HP 54645A/D oscilloscopes 
use smoothing decimation when conventional averaging is 
turned on to provide additional noise reduction* 

Logic Channel Decimation (Glitch Detection). Tlie acquisition 
system of the IIP '> 113451) mixed-signal oscilloscope has 
16 logic chamieis. Decimating the series of Is and Os for 
these logic channels provides its own challenges* Simple 
decimation techniques would lose nanow ghtches, so a 
peak detection technique (known Bsgiifch detect io^i in ttie 
logic aitalyzer domain J is always used. Two bits are suffi- 
cient to encode any sample Interval, one value for each state 
(high and low), Not suffering from tlie drawbacks of peak 
detection on oscilloscope traces, logic wa\'efonus are 
always accjuired and plotted using glitch detectioti encoding 
regardless of the display mode selected for the oscnlJoscope 
chiuuiels. 

TVigger System Features 

Perhaps the most difficuh task of the design was the trigger 
architecture for the mixf^i-signal oscilloscope. It needed to 
be a misturc of botli atuikig mul dighal trigger systems, Tlte 
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traditionaJ oscilloscope iriggering modes (iisiiig or falling 
etjges on any channej, with a variety of coupling and noise- 
rejecl selections) needed to be coupled wilh the logic trig- 
gering modes (pattern triggering. sc(|Lienciiig, Boolean AND/ 
pRj and so on). But more significant, aU of I he cross-domain 
triggering circuits needed to be defined and developed. 

Development of this cross-doniain triggering system archi- 
lectitre tuRi choices about which trigger modes fo support, 
were giuded by two key design olijecUves. The fi rsi of 
the.se Wiis in *^eimilessly integral e I he trigger configuraHtm 
for all t:hannels, whether analog or digital. Tins allows any 
channel to be used as a trigger source in any trigger setup. 
A second objective was to extend this seamless trigger con- 
figuration to a full set of trigger features. This feature set 
extends far beyond traditional single-channel, edge-mode 
triggei Ing I o include fijuctionahty essential In a mixed-signal 
test envij(jmnent. 

In mixed-signal testing, digital signals are often grouped 
together to form a cot urn on dula or address word. Conse- 
quently, iiattern triggering using tenus including all channels 
was an olivjous need. fncLusitin (if analog t Iiannels in i>atlems 
also provides the unitiue t:rai>aliility to gale a digital atldress 
trigger specification with anaIog-lev(4 conditior^s. L^se of a 
partem -qualified edge tenn (patieni AND edge) is a second 
key capability, since it allows a ty])ical read or write to be 
captured by specifying the address in the pattern specifica- 
tion and the edge as the read or wTite strobe. Specification 
tit trigger sequences in the nuxed-signal oscilloscope is a 
tun her t apability that is especially useful in captming cause- 
antl-effecl relationslups between luialog and digitbil siguLils. 
Finally, patteni duration aiKi Boolean combinations of trigger 
terms are inc hided. 

Trigger Types 

Design of a cross-domain trigger system to meet these objec- 
tives was intluet^ced by tiigger methods specific to timing 
analyzers and digital oscilltjscoiies. TJ^pically, timing (and 
logic) analyzers triggering on j>attern or ct:)mplex logical 
temis assimie that all trigger events aie simultaneous with 
clock transitions (in our case the ADC sample clock). This is 
referred to kv^mjndtrorioiis triggergencratiott. In the analog 
world of the oscilloscope, all trigger events are assnmed to 
be asyiicluonoLis to clock edges. Since each of these methods 
has ad^'ant^ageSf the final implementation ot the HP 54645D 
trigger hai'dwaip uses tw^o independent trigger systems, one 
for synchronous and one for as^iichronous triggering. 

Trigger features typical of timing analyzer capability include 
pattern triggering, seciuences of pattern tenus, pattern dura- 
tion, and logical comhiimiions of pal tern and edge terms. 
In a timing anal,yzer, digital channels are normdly grouped 
together and trigger conditions are evaluated only at sample 
clock intenals. Tliere ^ue several advantages to this t>pe of 
synchronous sami)le clock triggering. One is that trigger 
ev(?nts ai-e always \isible on tlie display because events that 
occur between sample clocks cm\iiot cause triggers. Also, 
the signal transition causing the trigger event to occur will 
not display ai\y jitter at the trigger time because that time 
occins at a sample clock edge. Furihennore, romi;>lex trig- 
ger sequences can be easily implemented in hardware using 
sequential logic. Finally, it is easy to reject spmious patterns 
by qualifying pattenr detection over multiple samples. 
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Fig. 4. Effect ijf syncriroiiuus Iriggering un tile wa.vefun.ti display. 

In a mixed-signal oscilloscope, triggering synchronously 
with tlie sample clock also has some significant drawbacks. 
Above all, a degrades equivalet^t time sampling operation 
for analog w^ave forms. Tliis ociiu's l.>et ause e<juivaleu1 time 
sajni)ling relies on r^indouT distrit)urifjn of trigger events with 
respect to the sauiple c:lock and uses multiple niggered 
waveforms to enhance the analog disj>lay qualit;y. Tlie analog 
wavefonn display, when synchronously triggered at fast 
time base speeds, appears as a broken trace, with bimchuig 
of the Signal at sample clock inteivals (see Fig. 1). Since 
the HP 546450 samples at 200 MBa/s, degradation of wave- 
forms is only severe at time base sjieeds of 20 ns/'div or less. 
Furthermore, single-shot trigger caplmus are imaffecled by 
s^iichronons triggering of Ihe wavefonii, 

A second drawback of synchronous triggering is that if the 
sam|)le rate is too low^ trigger events ran be totally missed. 
This is not a problem in the HP 54645D mixed-signal oscillo- 
scope because the smnpling intei'v^al (5 ns) is smaller tlian 
the minimum width of any pulse passed by the 1 DO-MI Iz 
analog band width ( —7 ns). 

Asynchronous trigger generation, ti'aditional in cUgital oscillo- 
scopes, pro\ides precise trigger timing infoniration to the 
waveform display. This alkjws the use of equivalent time 
waveform recoustniction to combine mulUple trigger events 
and optimize signal rlisplay for rejietitive sigr^als at liist time 
base speeds. In addii ion, t rigger time resolution for single- 
shot ca|> tares is limited only by analog channel bam I width, 
ratlier than l>y samt:>le time granularity. However, asynchro- 
nous trigger generation does have one signifrcmit drawback. 
It is p(jssible that the event that generates the trigger may 
not be \i si tale in the waveform display. This possibility exists 
becaitse ait analog event may cross a trigger threshold ar\d 
ibeit fall below the threshold agdn between successive sam- 
ple clocks. In the HP 546451), (his effect is minimUed hecause 
the analog bandwidth of the trigger path limils detectaijle 
irput pulse widths to about 7 ns (depending on threshold 
level) while the minunum sampling interval is 6 ns. 

Mixed- Signal Oscilloscope Trigger System 
Architecture 

To achieve ojstimal signal dLsplay quality imd maximize trig- 
ger capabiUlies, the HP 546451) mixed-signal oscilloscope 
itses both synchronous and asynchroitous triggering. The 
hardware atclHlecture, shown in Fig. 5, includes dunl trigger 
patlis that implement tins trigger' capabihty. The syirclironous 
trigger path includes a full set of pattern and edge detect ors^ 
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which allow mdependeet detection of all trigger terms. A pal- 
tem duration block is also included to allow triggers based 
on pattern duration less than target time, greater than target 
time, and in a target time range. An important feature of this 
path is the inclusion of high-frequency pattern rejection 
blocks. These blocks require that patterns be present for a 
fixed nun^ber of sample periods. This enables rejection of 
patterns that are orily present at bas transitions because of 
chaimel-to-channel skew. An example of this skew in shown 
in Fig. 6. where a transition is made between address values 
of D7 ajid A4 (hexadecimai). Since tlie sample clock is not 
synchronized witli the address transition, the sample clock 
wiQ occasionally occur during transition states (in this case 
the address B6) and trigger on these patterns unexpectedly. 
With the higli-frequency reject enabled^ these triggers are 
rejected because they are only present for veiy^ short times 
(typicaUy less than 1 ns). The pattern rejection block is auto- 
matically programmed by the CPU to require a mininuun of 
two samples for ail pattern definitions with more than one 
defined level. Outputs from the trigger terms detected are 
then routed through combinatorial logic blocks, sequencing, 
and holdoff. The design of this patli allows for a completely 
orthogonal set of trigger logic terms. 

The asynchronous trigger path provides sinular trigger func- 
tionality, including edge trigger, pattern detection, pattern- 
qualified edge detection, pattern duration, and Boolean logic 
combinations of trigger terms. Since this path lacks multiple 
edge detection blocks^ only single-edge trigger terms can be 
configured. Also, only one patternKiualified edge detection 
can be coidigured- The ability to do cross-domiun triggering 
with synchronously conJlgiired pattern terms anning the 
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asynchronous trigger path significantly broadens the config- 
uration choices. For example, an advanced partem definition 
of (PI AND Ell AND [NQT= P2| can be implemented by sjuchro- 
nously detecting PI AND |N0T= P2| and using this to arm the 
asynchronous block, whicli then detects El (see Fig. 7). 

Based on the current trigger term defmitions and channel 
display selections, the niixed-signaJ oscilloscope CPLT con- 
figures either the synchronous or the asynchronous trigger 
path as the trigger source for the instnmYent, To optimize 
the analog channel display quality, txiggen? are set up asynch- 
ronously, if possible, for all cases in which analog channels 
are on or analog edges are used m trigger tenns. This con- 
text-sensitive implementation allows the use of equivalent 
time sampling to enhance analog waveform display in aU 
possible cases. Consequently, waveform display is optimized 
without the need for the user to know the details of the 
trigger configuration. 

Mixed-Slgrtal O&cilloscope IWgger Applications 

T^Tpical trigger applications for the HP 54645D mixed-signal 
oscilloscope use the rich set of triggering functions to capture 
events combining analog and digital criteria. The following 
paragraphs present specific examples tliat show tlie unique 
capabilities of the mixed-signal oscilloscope trigger system. 

ADC Performance Evaluation, Dynamic ABC performance can 
be evaluated using either pattern triggering to trigger on 
specific digital outi:)uts or edge triggering with tlie analog 
threshold set to the level of interest. By providing an input 
sawtooth waveform, slew^ rate effects, missing codes, and 
nonlinearities can easily be evaluated. 

Gated Processor Address Read/Wrtte. An edge-qualiQed pattern 
detection can be used to detect a processor read or write to 
a specific address. By using analog channels in the pattern 
definition, it is possible to gate the trigger so that only pro- 
cessor reads and writes are displayed that occur when an 
analog signal is in a specific state. For example j in ati alaim 
system in w^hich a processor normally polls critical sensors 
to determine if alarm conditions exist, the use of a gated 
pattern and edge trigger could allow a display of all proces- 
sor activity starting with (triggering on) tlie first processor 
read for w^hich the sensor state indicates an alarm. 



Glitah/Pattern Duration. Glitch triggering allow^s triggering on 
the duration betw^cen the positive and negative edges of a 
single signal. This allows capture of pulses less than a spe- 
cific pulse miiih (glitches), greater than a specific pulse 
width, and within a specific pulse vvidth range. This is very 
useful for capturing events tl\at are in or out of specific tim- 
ing requirements. Pattern duiation allows the same duration- 
triggering choices but combines up to eighteen channels in 
the pattern definition so that triggering on the timing of 
combined channels is obtained. A specific example of using 
pattern duration is in captuiing timing violations for a data 
handshake (see Fig. 8). Tl^e time for data acknowledgment 
after data valid must be less than a maximum time T. Viola- 
tion of this timing could be found by setting pattern terms 
DAV low and DTACK high and looking for pattern duration 
greater than T 

Interrupt Response/Latency. Using a trigger sequence such as 
El THEN PI AND E2 allows tiiggering on a processor response 
to an interriipt by first triggering on a hardw^are interrupt to 
a processor and then on a wilte to a register that is the ulti- 
mate response of the processor to the intemipt. The value 
written out can be read and subsequent events can be traced. 
Since the mixed-signal oscilloscope captures negative-time 
(jiretTigger) events, this trigger can also be used to measure 
interrupt processing latency. 

Register Write/Analog Respanse. In control applications, it is 
useful to be able to trigger on an analog signal that is con- 
trolled by the setting of a control register. This can also be 
acliieved by a trigger sequence such as pattern AND edge 
THEN edge. For example in a motor control application, this 
trigger sequence ctm be used to trigger on a write to a control 
register follow^ed by a motor commutation. 

Display Enhancements 

In the HP 546xx family of products, waveform update and 
display have always been high priorities in the design, Tradi- 
tionally^ digital oscilloscopes have had a slow update rate of 
data to the screen, hi the HP 54645A/D the update rate has 
been increased to approximately tliree miUion points per 
second. Tins gives a much closer representation of the way 
an analog oscilloscope displays waveforms. For instance, 
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on an amplitude modulated signal^ an analog display would 
show the upper and lower boundaries with a filled -in area 
between them. On a traditional digital oscilloscope you 
would only see a few w^aveforms inside tjiose boundaries. 
However, because of the increased update rate on the HP 
546xx family, you see the boundaries and the area inside 
filled with data, a display that matches the traditional analog 
oscilloscope much mai*e closely This helps by ciisplaying 
wavefomts more closely to their true nature, but by itself 
does not address other features of an analog display such 
as its inherent intensity variation as a function of siew rale. 

Analog oscilloscopes generally use a cathode-ray tube (CRT) 
in which an electron beam Ls swept across a display at a 
fuced speed w^hile being deflected in the vertical direction by 
an analog signal. Because of this, aieas of tiie waveform that 
have a higii slew^ rate, such as edges, are displayed at a lower 
intensit>' than areas such as the top of a w^aveform, w^here 
the slew rate is low: This intensity variation provides infor- 
mation to the user that is not available with a traditional 
digital oscilloscope. For exampie, square waves displayed 
on an analog display are brigliter at the top and bottom where 
tJie slew rate is low; and quickly changing edges are at a 
much lower intensity For another example, consider a w^ave- 
fonn tliat lias a lot of baseline noise. Ox\ an analog cJisplay, 
the persistence of the phosphor causes the baseline to be 
veiy bright and infrequent noise to be dim. On a digital dis- 
play, the noise Ls accentuated because all of the rlata points 
are displayed witii tiie saiiie relative intensity, Tlus presents 
the digital oscilloscope designer using a raster display with a 
real challenge. How to display the waveforms to give a more 
accurate representation of their time-varying nature? 

One thing to note is that the analog oscilloscope doesn't 
display infrequent signals very welf Because the phosphor 
h^ a hmited persistence, tJie waveform will fade after a short 
time and if not redrawn will not be visible. One attempt to 
solve this problem is the analog storage oscilloscope, wiiich 
uses a special plate in the CRT that has a much longer per- 
sistence. Tills is not a perfect solution because the w^ave- 
form tends to bloom on this type of display and will still facie 
over time- It is also fairly expensive, A solution in the digital 
realm has been to use color, displaying data points that are 
sampled frequently in a bright color that is dimmed at a 
computed fade rate to simulate a long-pei^istence phosphor. 
However, color displays are more expensive, and more 



memory is needed to keep the cotmts for each data point. 
This can also be done with a monochrome display by varying 
the brightness of a data point in time, but more memory is 
still required, and in both cases an increased computational 
burden is placed on the display software. None of these 
methods addresses the problem of displaying different slew 
rates ai different intensities. 

The HP M645A/D oscilloscopes use a proprietary^ ^'sri^ie- 
intensity algorithm to control the intensity of each data 

point, Aftjacent points in the same raster row are used to 
set the intensitj^ of the current point Therefore, a point with 
horizontal neighbors will be brighter than if it has none, in 
the HP 5464oA/D oscilloscopes, rwo intensity levels are used: 
full-bright and half-bright. When a point has a neighbor on 
both Sides it is displayed ftdl-bright. When it has zero or one 
neighbor, it is displayed half-bright. Thus, a high-slew-raie 
edge is displayed with less intensity because it has no hori- 
zontal neighbors. Looking again at the square w^ave, the 
edges will be displayed a! a lower intensity than the top and 
bottom of the signal, which results in a display that looks 
much more like the analog oscilloscope's representation of 
the waveform. For the signal with a noisy baseline, the noise 
aw^ay from the baseline is displayed at a low^er intensity' 
because the data points do not have horizontal neighbors* 
Tlie cost to implement this enhancement is greatly reduced 
because inexpensive printed fircuit board hardware is used. 
The update rate of the waveforms is not affected because 
this method can be used on the fly as data points are being 
displayed. 

One other enhancement is used when the HP 54645D displays 
logic waveforms. These traditionally have a high value and a 
low value with edges drawn between them when the wave- 
form changes. On a raster display, we have a fixed horizontal 
resolution in which to place the data points. The display is 
divided into rows and columns of addressable points called 
pixels. Suppose a point falls at tlie boundary betw^een two 
horizontal pixels. On some acquisitions it wiU be displayed 
in one pixel, on others in the a4jacent pixel. This results in a 
double- wide full-bright edge. Compared with a point that 
falls in the middle of a pixel, it will seem brighter. On a 
display with tiiany logic wavefonris this adds a perceptible 
flicker. Tlie HP 54M5D solves this by displaying double-wide 
pixels half-bright and single-wide pixels foil-bright- This has 
the effect of eqtializing the intensity and greatly reducing the 
perceived flicker 

In all of these methods an attempt was made to give the HP 
54645A/D oscilloscopes a display that does its best to repre- 
sent the waveforms the user miglit encounter. 
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A Cost-Effective Architecture for a 500-MHz Counter for Glitch Trigger 



The HP 54645A and 54645D oscilloscopss can trigger on pulses qualified 
by their width, a feature known as glitch trigger. The time qualification is 
done with a 50D'MHz, 37-bi! counter that provides Z-ns timing resolution 
over an 8-ns4o^100-s range. Operation at 500 IVII-lz (a 2-ns period) is too 
fast for CMOS logic, but the 37-btt counter is too large for economical 
integration in bipolar logic. The cfock for the counter must be asynchro- 
nous with the anaiog-to-digital sampling clock so that the time ai which 
a trigger is generated is in no way related to the times of the samples. 
Otherwise, in random repetitive acquisition mode (afso known as equiva- 
lent time sampiingL the samples would not be randomly distributed with 
respect to the input signal and the oscillDSCopa waveform would contain 
missing segments. 

The block diagram in Fig. 1 shows how these requirements and constraints 
were satisfied. The least expensive way to obtain the 500-MHz glitch 
trigger clock was with a commercial single-chip phase-locked loop 
locked to the 50-MHz reference clock. The phase -locked loop synthesizes 
a 250-MHz clock, which is doubled to 500 MHz in the bipolar gate array. 
Phase iocking to the reference clock guarantees that the glitch trigger 
clock is precisely synchronized with the reference. Since the sample 
cfock is also locked to the reference but phase dithered, the glitch and 
sample clocks have random phase with respect to each other, preventing 
missing segments in the waveform. 

The clock doubler generates an active 500-MHz edge on both the rising 
and falling edges of the 250-l\/IHz clock. The symmetry of the 250-MH? 
clock affects the uniformity of the periods of the &00-MHz clock. The 
jitter of the 250-MHz clock causes period jitter in the 500-MHz clock. 
The delay element t, formed with gate detays, determines the duty cycle 
of the 500-MHz clock. The asymmetPyf and period jitter errors of the 
500-MHz clock must both be less than 100 ps to preserve timing margins 
in the 500-MHz counter. The phase-locked loop IC alone cannot meet 
these requirements, so a bandpass filter is introduced that removes 
spurious components in the clock spectrum, improving the symmetry 
and reducing the jitter from 111 ps to 44 psJ 



For reasons of both power and cost, the 37'bit counter is too large to 

implement entirely in the bipolar gate array. By including only a few of 
the low-order, high-speed bits in the bipolar IC and the remaining bits in 
a CMOS gate array we are able to build a very economical low-power 
500-MHz counter The bipolar portion is called the fast counter and the 
CMOS portion the slow counter. Together these two operate as a single 
37-bi! synchronous counter 

The design of the counter is complicated because the CMOS IC must never 
see pulses narrower than about 10 ns and responds relatively slowly with 
the terminal count (TCl signal. To overcome these limitations the fast 
counter operates in either of two modes: as a five-bit counter or as a four- 
bit counter For counts from 1 to 31 the fast counter performs all the count- 
ing. For counts of 32 and up, the bipolar counter is always loaded with a 
count between 1 5 and 31 . Since the fast counter is loaded with a mini- 
mum count of 1 5, the slow counter always has at least 1 5 x 2 ns or 30 ns 
to reload itself before it is called upon to begin counting. The fast counter 
counts down in five-bit mode to zero and then generates a SLOWCLK 
signal triggering a count in the slow counter It then switches to 4-bit 
mode and counts down, generating a SLOWCLK signal every T5 clocks. 
Thus, the slow CMOS counter is clocked at only 500 MHz/15 or 33 MHz 
and has 30 ns in which to generate SLOWTC. These requirements are 
easily met with modern CMOS gate array technology. 
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Sustained Sample Rate in Digital 
Oscilloscopes 

At all but a few of the fastest sweep speeds, the acquisition memory 
depth and not the maximum sample rate determines the oscilloscope's 
actual sample rate. Peak detection capability, when used correctly, can 
make up for acquisition memory shortfalls. 

by Steven B, Warntjes 



One of Hie most basic specifications in digital oscilloscopes 
is tile niaximujii sample rate. Qscilloscope visers often imder- 
stand the theory of signal sampling and signal reproduction, 
but uften mistakenly assimic that the osciUoscope always 
siimples ai its niaxinmrn sample rate. In reality, two speciH- 
catioas need to be considered; the maximiini sample rate and 
the acquisition memory behind the signal smniiitT. Ai all hut 
a few of the fastest sweep speeds, the acquisition memory 
depth and not the maximum saniple rate determhies the 
oscilloscope's actuid sanijile rate and consequently t'tow ac- 
curately the input signal is represented on the oscilloscope 
display. The deeper the acquisition memoiy; the longer the 
oscilloscope can sustain a high sampling frequency on slow 
time-per-di vision settings, thus incretising the actual sample 
rate of tiie oscillosfoiie and iinpnivijig hov, itie input signal 
looks on the osciiloscope screen. 

The tiigital oscilloscope's peak detection specification is an- 
tJther often overlooked specification. Tliis importiuit feature, 
wtwn used correctly, can make up !br aecjuisitk^n memory 
shortfalls. In addition, peak detection can be combined with 
deep acqtusition memor>' to create unique advmttages in 
digital oscilloscopes. 

Dig! Lai Osrilloscoiie Sampling 

Basic sampling tiieor>^ states that for a signal to be fkithfiilly 
reprofluced in sampled form, the sample rate must be greater 
than twice the highest freqtjency present in the signal. This 
sample rate is know-n ^is the Nyqiiist rate,* F'or an oscillo- 
scfjpe, this me;uis thai if the user v^nnts (o captnrt^ a HH l-Mliz 
sigmd. the sample ratx^ sliould l>e hi leasi iOQ MSa/s. While tjie 
theory' states that greater than 2 x satnpliug is sufficient, the 
practicality is tJiat to reproduce the inptjt signal with 2 x sam- 
pling requires complex maliiemalical ftinetions fjerfonued on 
many samples. Mf^con.'^friffihitf is llie tenn commonly giveii to 
the complex mathemaiiCc^iJ fimrtitjus perfonned tju liie sam- 
pled fiata to iiiter;>olatf pohits hetwt«en tiie samples, hi prac- 
tice, f JSciUoscopes that do reconstruction tit'picirdly have less 
than t>erlect.!y reproduced waveforms because t>f imperfect 
application of the mathematical theory,* and they may have 
a slow wavefono update rate because of the time it takes to 
do thc^ necessai-y rom]>u!fitions. 

' EffOfS are attribuEablfi to hiflh-fraquency components m thfl captured signat and a finite 
numbsf of sarriple^, 



One solution to the reconstruction problem is to sample the 
waveform at a rate much higher then the Nyquist rate, Ir; the 
hniit as sampling becomes continuous, as i! is in an analog 
oscilloscope, the wa\'efonn looks "Yight** and requires no 
reconstniction. Consequently, if the digital oscilloscope can 
sample fast enough. recor\stiiicTioji Is not necessaiy. In prac- 
tice, a fligilal o.sctUoscope nile of thumb is that 10 x over- 
santpling is probal>ly sufficient not to require reconstruction. 
This rule rlictates that a digital oscilloscope with 100 MHz 
of bandwidth would requnc an anaJog-ro-digital convener 
(ADC) to sample the input signal at 1 GS^i/s, In addition, the 
acquisition memory to hold the samples would have to 
accept a sample every nanosecond from the ADC, While 
memories and ADCs in this freqiiency range are avaOable, 
they are typically expensive. To keeji oscilloscope prices 
reasonalile, oscillnscojie maniifactiurnii minimize the mnount 
of fast menioiy hi their oscilloscopes. This i^ost minimization 
has the side effect of dramatically low^ering the real sanujle 
rate at all but a few of t he fastest time-per-di vision settings. 

The sampling theory presented above assumes that the 
sampler r>nly gets one chance to "look" at the in]nit signal. 
Another solution to the reconstniction problem is to use 
repetitive samtiling. In repetitive sampling, the waveform 
IS assumed to be ])eriodic and a few samjiles are captured 
each time the oscillosco|)e sees tlie wavefomr. This allow's 
tlie oscilloscope to use slower, less expensive memories and 
mialog- to-digital converters wiuie still mHititaitiing \'ery high 
effective sample rates a(T(jss multiple oscillosctipe acquisi- 
tions. The obvious disadvantage is that if the waveform 
is not truly repetitive the oscilloscope waveform may be 
inacciu ately displayed }- 

Digital Oscillojicope Memory Depth 

Now that wi' imdt^rstand dighal oscilloscope sampling re- 
quirements, we caji exanum^ how memoir depth in oscillo- 
scojjes affects tlie sample rale at a given sweep speed or 
time-per-di\ision setting. Tlie time window within wtiich a 
digital oscilloscope can capture a sigiuil is I he prrjdiici <jf the 
sample period and the length of the acquisition iiiem<ir>. The 
acquisition memory is measured by the mnnljer of analog-to- 
digital converter samples it c^an hold, 'IVpitrjjlly in digital 
oscilloscoijes the length of the acqnisitiort memor>' is fixed, 
so tocatiUire a hmger lime window [aiUnsE the o.scilloscofje 
for a slower tinie-per-di vision setting) the sampU* mte jnust 
be reduced: 
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Fig. L Eflect of iiKftiioo^ depth on the iiiaxljiuiin siinipJp rate 
of a digilal o^c^illostope. Disci lloscope A \ms u tnenif^rj^ deprh of 
lUOO samples. Oscilloscope B lias a l^QOO^UOO -sample memoo'- 

where? tf .^pn j^]^ is tiro time window captured by the osciilo- 
scope, kMEMORY is the length of the acquisition memory, aiid 
fs is the sample rate. 

In Pig. 1 we have ost^lloscope A with a niaxhtnim sainpie 
rate of 200 MSa/s iind an arquisition menior>' deptli fff IK 
samples. Oscilloscope A samt^lt^i^ ^il hs maximum samjjle 
rate specification of 200 MSa/s or 5 naiiosec-oiuis j)or Siimple 
from 5 ns/tliv to 500 ixs/div. As the tune-per-division mcreases 
beyond 500 ns/tiiv we see that the sample rate drops. At 
1 millisecond [)er division I he oscilloscope's saniple rate has 
dtoptted lo 10 ^is per sample or 100 kSa/s. This dramalic 
drop in sample rate a( slower sweep speeds leads u> oscillcj- 
sco|>e disi^Iays of fa.st signals thai tlon'l accurately represent 
the hipuf signal. 

Fig. I also shows the sitniple rate behavior of oscilloscope B, 
wliich differs from oscilloscope A only in that the memoiy 
depth has heen increased fnmi 1,000 samples to 1.000.000 
samples. Oscilloscoj>e B samples at its maximum sample 
rate of 200 MSa/s from 5 ns/div to 500 us/cU\: t_)n fast time 
base settings, osdDoscoi3es A ^md B bodi sample at 200 MSa/s. 
An importaitt dincrcTtc e showy up al the slower time base 
settings. Al 1 millisectHid per liivjsioii we see dial oscillo- 
scope B samples at 100 MSa/s or 10 nanoset^onds per saiuple 
wliile oscilloscope A lias dropped to 100 kSa/s. We cart clearly 
see that the deeper memory ( x 1000) gives us the ability to 
ca]3tiire events 1000 times faster at the slower time-per- 
dhision settings. The effect of deeper memory' is the ability 
to sustain the maximim; sample rate at much slower sweep 
speeds, in oiu' exmnple from 500 ns/div to 500 us/diA', and 
sustain faster sample rates at sweep sjieeds where the stimple 
rate must be reduced because of memor>' depth limitations. 
Tins effect of increased acquisition niemor>' gives the oscillo- 
scope higher sanipli ng performance over a wider range of 
oscilloscope operation. 

Digital Oscilloscope Peak Detection 
Peak detection is a powerful feature that com|jensates for 
lack of memoiy depth in digital oscilloscopes, hi peak detec- 
tion mode the oscilloscope looks at mmiy smnples but stores 
only the maximum and minimum voltage le\ els for a given 
mmiber of samples. The effective sample rate of the oscillo- 
scope in peak detection is normally the maximinn sample 



rate rjf the oscilloscope on all sweep speeds,'^ This enables 
tl^e oscilloscoj^e to capture fast input signal amplitude vaiia- 
tions by sampling at the maxininrn sample rate, yet save 
memory- space by storing only the signincmil signal devi- 
ations. The value of peak detection is best illustrated with a 
sinaple example. In Fig. Z we have a display of a long lune 
window with shoit-dumtion changes in signal amplit ude. We 
are at a time-per-division setting of 20 secoiuis per division 
and are showhig a 100-najiosecond event. To detect diLs e\'ent 
without peak detection would require at least a 1/(100 ns) = 
lO-MSa/s sample rate. Likewise, to captiure 200 seconds 
(20 s/div X 10 di\) of information with lOO-ns sampling 
would require a memorj' dct:)th of 200/f 100 ns) or two billion 
samph^s. Clearly, jjeak detection is useful for catching short- 
duration signal changes over long periotls of time mthout 
large amounts of oscilloscope acquisition memory. In many 
ir^sfcances peak detection can make ujj for acquisition memoiy 
shortfalls. 

Traditional digital oscilloscoi>e peak detection has two sig- 
nificant disaflvantages. Fii"st is lite lack of timing resolution 
of the stored peak detected samples. As ilescilljed above, dte 
net peak detection sample rate is the rnajdmuni oscilloscope 
sampk' rate tlKided Isy the number of samples searched for 
mmimiuns and maximums. This leads to a lack of timing 
resolution because the oscilloscope only stores maximum 
iuu] mininmm v alues. Tliis 1-oiU-of-n selection results in a 
loss of inf<jrmat ion as to whether the rnaxinunn occuned on 
the llrst, lasi, or mdi sample of die samt lies searched for the 
maximum and juiniHumi voltage vahies. In Fig. 3 we have 
mken our Fig. 2 waveform and exp^uided the time scale to 
display the maximum value, ( The maximum value is shown 
as a solid bai; the available timing resolution.) 

The second peak detection disadvantage is the apparent 
noise (m the oscilloscope display. The stm*age o)' only maxi- 
mum and minimum voltage levels has tlie effect of making 
the input wavefoim appeal' to contain more noise or signal 
aberrations then are actually present. Tliis is because the 
peak detection algorithm stores only these peak values, and 
not nonnal sigital voltage levels. Tradhional digital oscillo- 
scope peak dt^leciion gives the user a liij-ised view of the 

' SoniK oscillasdDpes with dsgital peak detection do not use every possible sample m peak 
detection mode 
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Fig, 2* A dJspkiy of a lung time window in peak detection mode, 
sho^^lnga iOO-najiost^jond ineni at a tirne-pcr-<1ivision settmg yf 
20 seconds pc^r di\%ion. To detect diis event without peak detecr- 
tion would require at least a 10-MSa/s sample mte arid a memor>' 

depth of {\\o trillion samples. 
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Flu. 3, Tlie waveform <>f Fig. 2 vtilh the time scaJe expafwied lo 
fiispLiy the maximum value. The- maxinium \^al^e is shown as a 
soiitl bar, the a\^dkiJable Limiug rcsoluLiotu Tht lt)4}-ns pulse cap- 
tured a^oss 200 s*ii:ands shows unly approximiiiely 1 m% of timing 
resalution. 

input signal by overemphasizing the signaJ*s infrequent 
^unplitude denaiions. 

Ha\ing considered traditional peak detection advantages 
and dtsadvantages, what do deep aeqtusition memory and 
suf^taineti sample rate contiibute to the peak detection prob- 
lem? Deep memory has thrt't* benefits w lien applied to peak 
detection. First is that peak detection is needed less fre- 
quently. Deep ac<iuisition ii^emoi>' allows the aualog-lo-tligital 
c:onverter to stistain a higher samt>le rate al ail sweep speeds. 
This means that die user is required to switch ituo peak 
detection less often to catch short -duration signal vaiiatioits 
reliaf.vly. Tlie second advantage is increased tinting resolution 
of I he jjeak detected samples, since* the benefits of memoiy 
depib also apply to the iJt^ak detect (*d samples, Tlie deep- 
nieruorv' (jscilloseope vhu store luatiy motT mitiimum and 
maxittnjtp pmrs over a giveti time pi^nod, yitHding a shoHer 
time inten^al between the peak detected samples. The third 
deep jnemor>' peak detection advimta^e consists of ilie addi- 
tion of regiiliu-(ttnt peak detec led) data displayetl witli ifie 



traditionai peak detected infonnation. In this case the acqui- 
sition menic^n^ is segmented and both peak delecte<i samples 
and regular samples are stored. The IIP 54i>45 dt^j^memory 
peak detection display contains regular and peak detected 
samples. This has the effect of deemphasizing the peak 
detected samples since ihey appear as only a subset of the 
waiefonn display. Wiile the *jispiayed wai^eform still difFer- 
eniiates ^gnal amplitude variations by always displacing 
peaics, it also ^ves the user a feel for die signal baseline by 
displaying normal waveform Lnfomiation. 

Summary 

C'Onveittionai digitai osciliosc*opes achieve their majcimuni 
sample rate only on their fastest sw^eep speeds. We have 
examinefl tw"o key features (memor> depth and i>eak detec- 
tion) tiiat sustain tMs sample rate over a wider range of 
osciHascope operation. Increased amoimts of acquisition 
memory aiTord die user a much higher sample rate across 
sweep speeds that are not at the oscillosi'ope s maximum 
sample rale and stistain the maximum sample rate of tlte 
oscilloscope to a larger itimiber of rime^erHli\ision settings. 
This produces a more accurate w^aveform representation of 
the input sigtiai on the digital oscilloscope disF>lay across 
man> sweep speed settitigs. We lia\e also descriljed tlte 
advatUages an^l disadvantages of traditiot\al digital oscillo- 
sco]:ie peak detection atul pointed out some uniqite stistaiued 
sample rate and deep-memory peak detection advantages. 
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Acquisition Clock Dithering in a 
Digital Oscilloscope 



When 3 frequency component of the input signal is greater than half the 
sample rate, aliasing can occur When the oscilloscope is eqiiivalent time 
sampling, signals that are subharmonics of the sample clock will be poorly 
displayed, fn the HP 54645A/D oscilloscopes, these effects are greatly 
reduced by dithering the sample clock during and between acquisitions. 

by Derek E. Toeppen 



A common concert! of <:iigitai oscilloscope users is that there 
are combinations of oscilloscope settings and input signals 
that will cause the standard digital oscilloscope architecture 
to display a signal poorly or incorrectly. Since an oscillo- 
scope is a device intended to displiiy a variety of signals, 
sooner or later ojie of t liese f ontbinations of settings and 
signals will be encountered, leading the user conlused imd 
with diminished confidence in the instrument. 

The classic case occurs w hen tJie sample rate and input 
signal violate the Nyquist sanipUng theorem, or specifically, 
when a frequency component of the inpui signal is greater 
than half the sample rate. When this happens, an aliased 
waveform will be displayed. A more subtle case occurs 



when the digital oscilloscope is random repetitive sampling 
(also known as equivalent time sampUng).^ In this case, sig- 
nals that aje sul>harmonics of the sajni>le clock will be jjoor- 
ly displayed. This occurs because the rejietitive samples ai'e 
not randomly distributed over the input signaJ, but ratlier 
are bunched together. 

There are ways of designing digital osciUoscopes that greatly 
reduce these effects. These tecluiiques involve dilliering the 
sample clock during and between acquisitions (intra-acquisi- 
tion and inter acquisition dithering). Twcj such techniques 
used in the design of the 54645A/D oscilloscopes wiO be 
chscussed here. 
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Fig. 1. The developm(>nt of a waveform durinj? randoiti repetitive sampiing. (a) The result of one acquisition of an Input signal, 
(b) The same signal after three acquisitions, (c) After seven acquisitions, (d) After 20 acquisitions. 
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Interacquisition Dt the ring 

The uiiderl>ing principle of raiKioin repetitive saniptmg is 
thai there is no phase correlation berw een the sample clock 
and the signal being sanipled. This principle ensures that 
samples taken of the signal are randomly distributed o%'er 
the signal, and when accumulafed over time, will develop a 
detailed reconstniction of the input signal. The acctimulation 
of siimples Is illiistraxed in Fig, L Fig. la shows the initial set 
of samples acquired during the first acquisiiion of the signal 
The sample rate and input frequency' tneet the NyqiUst cute- 
rion btit that there are, noneiheless, large gaps between 
samples. Fig. lb shows the same signal after accumulating 
three acquisitions. Note the random placement of the sec- 
ond and third sets of samples relative to the first set. The 
shape of tlie signal is beconiiiig more defined. Fig. Ic is iifler 
seven acquisitions and Fig. Id after 20. In Fig. Id. the signal 
shape is well-defined and af*curately represented, 

Tlie !M>ical di^fital oscilloscope reiles on the fa<t that the 
sajnple clock (fg) insicie the oscilloscope is derived from a 
clock separate and independent from the signal being mea- 
sured f fj ) to satisfy the criterion that there is no phiise cor- 
relation between die two signals, [lowever, juithing prevents 
the oscilloscope user from applying a signal ItuU is the same 
frequency as the sample clock or subhiunionictiily related 
to it (fj = f^n). When this happens, the sample poinls are no 
Ior\ger landomly distributed across the input waveform as in 
Fig. L This case is illusirated in Fig. 2. Li Fig. 2. a sine wave 
with a frequency etjual to precisely 1/10 the sample clock 
( fi = lyiO ) is api)iie<l to a random repetitive sampling digital 
oscilloscope. The result is that all sets of samples accimiu- 
late around the same locations, creating the bunching effecf 
mentioned before. Smce the acquisition clock and the itipul 
sine wave are not phase-lot ked to each other, if tiie wave- 
fonu is iUlowed to accumulate long enotight the points will 
spread out. but the time it takes lo do this will dti^end on 
tiic stability of the two sources. 

If tlte samjjle set acquiri*d during die first ac;quisition in Fig, 2 
is taken his a reference, then what is needed is a way to sliin 
subsequent sets of samples so diat they fall in between the 
points of the first set (as they did in Fig. i), or^ viewed in 
tenns i >f the pluise of the siimplc (*lock, to spreaci subs<>(tuent 
sets over the 360 degrees of pluus^/ hctwccn I fie iuifJMl sarnfjle 
points. This can be achieved by shifting the phtLse of the 
acquisition clock after each acquisition. 
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Fig. 3, (a) Piiase-la^keil loop, (b) PJiase c-rror voltage iiyetled 
iivio the loop, 

A circuit ideally suited foi' Ibis task is the phase-locked loop. 
The basic phase-locked loop is illustrale<i in Fig, 3a- In this 
circuit, the phase of the reference clock is comi^ared to the 
phase of the oulijut of llie voltagtM^ontrollefl oscillator n^CX*), 
The loop filter drives the VCO input t^o cause the phase dif- 
ference between the reference clock and the Vt'O outpu! to 
be zero. If an error voltage is u\jccted mto the filter at the 
output of the phase comparator, as in Fig. Sh. ihen the eiTor 
vohage ajit^ears as a phase cnxjr to the loop. The loop will 
ac(just tlie VCO tcj cjcate a real phase error 1o cantt^i the 
injected error voltage, thereby generatiJig a nonzero phase 
difference between the reference clock and the VCO outj>ut. 
If the VCO out]7Ul is used as aji acquisition clock, then the 
^TroY voltage node t a!i be iLsed to create phase shifts in the 
acquisilion clrjck. 

A block diagram of the pfi^^e-loeked loop circuit used in the 
1IP54545A/D to produce this tyi>e of interact |uisirion c*lock 
dither is shown in Pig, 4. In tlijs circuit, the error voltage is 
gene rat eti by aS-i)it digital-! o-analog converter (DAC). Tins 
provides 2"^ or 25(1 discrete jihast* shifts in ihc acquisition 
clock. The 8-bit digital word writti-n \o the DA<" is|iseudo- 
ratidomly generated by one of the os(^illosccjpe's pitKessf:)rs to 
be consistent with the natiu*e of random repetitive sampling. 
Fig. r> iliusl rates Itn* effectiveness ofitus technique. It is a 
pint (if the sine wave of Fig. i using pfuise-lockeddo op- 
generated mteracquisition dither of liie acqiilsition clock. 
All bimching of the sample points has been eliminated. 
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Fig. 2. Ttie result of applying a sine wave with a frequenc^y t^quiiJ 

t(» pfPiisfly UU) tlif sarrvple Hni^k freqni*Ticy to a random rfpetitivi 
s^ajii)iliii^ tiigilal oscilldscirrpf. All spt.^ of samptej? accumulate 

armind the same lricatK>ns. 



Iittra-Acquisition Dithering 

Real-time sampling is genemlly considered lo be the sol nl ion 
kn aliicsinj^ in a digital oscilloscope. Tlie reasoning is tiiuf if 
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Fig. 5. Atrquiilng ihf?^ sii^rial of Fig. 2 willi IntemnquisiUoji rlirlu r 
eliminates tiie bunching effect, 

I he oscitloscope's samplmg rale is always at least twice its 
bandwidth then aliasing cajinot orcur. However, what 'm 
cotviriionly overlooked is that Id over<:ofne finite niemoiy 
limitations, evE»n real-tinie sarnpling oscilloscopes are forced 
to reduce their sample rates at some point to capture long 
time periods (see article, page 23). When this occurs, tlie 
oscilloscope becomes susceptible to aliasing. 

A common technique for decreasing the sample rale in a 
digital usrilloscoiJe is illustrated in the block diagram in 
Fig. (). In thi.s circuit, (lie dif^itizer always samples ai ihe 
inaxinmm rate but not all digili^etl points aie stored into 
memorj. Tlie decimator between the digitizer and memory 
handles the selection of the desired digifized points. To re- 
duce tlie simiple rate by the factor N, flie decimator passes 
only evet>' Ntfi point on to the memory. All other digitized 
points are lost. This technique can be modified slightly in 
a way that will greatly reduce the likeliliood of an aliased 
waveform developing. 

To understand this, first consider how an aliased waveform 
is generated. It u sine wave with frequency t\ is sampled with 
frequency 4, where ti > [y2, then an aliased sine w'ave of 
frequency equal to ifj - f^l w ill occ ur. For examv>le, suppose 
that a 1.01-MHz sine w^ave is applied to a digital oscilloscope 
siimi>llng at 1 MSti/s. An aliased frequency (or Ijeat frequency) 
of 10 kHz will result. What is seen on screen is what appears 
to be an untiiggered lO-kflz sine wave. 

Tliis jjhenomenon repeats itself at each hanuonic of the 
sample clock, so if a frequency of 10.01 MHz, near the tenth 
harmonic of the sample clock, is input to the same oscillo- 
scope, the same aliased JO-kllz signal is produced. However, 
bctw^een the santples taken at 1-^is inten-als ( l/l MSti/s), ten 
cycles of the input siue wave occru. WTien tJie flecnualoi' 
process showTi in Fig. 6 is used to reduce die samjile rate, 
samples of those cycles are throw n aw ay. Ix is these dis- 
carded sample points that can he used to prevent the aliased 
W'avefornr 



Preafnplifier 







Fig* 6* Decreasing thf sample rate by dor iination. The cHgitizpr 
alwai^s samples at the maxiintini rate but not all sanipies are stored 
into memorj'. 



Fig. 7. (a) Aii aiitiserl ii»-kHK !^jii['^ wave produced when a ItJJil-Mllz 
sine wave is Kainpletl til I MHz, (Ij) The* santp diiiplay umig intra- 
acqui.sition ditlit'Hrig traiidoiii decimation J is a fuzzy [>ajifl much like 
what woulii be scimh uiran arbaliig ii&;cillos<:ope, with all sigiij; of an 
aliased wavefora; remove d. 

histead of storing every Nth digitized j>oint, the decimator 
can be dc^signpd to randomly select one out of eveiy^ N points 
for storage. In the case of the 1 0.01 -MHz input, the pomts 
placed in ntemoiy are points randomly selected from the ten 
cycles of the inpnt tJiat occur in every l-fts in I en at This 
randtmi sample selection technique effectively flit hers Ihe 
act^uisition clock during tlie acquisition and prevents a beat 
frequency from developing. 

This intra-acquisition dithering techniq a e has been used 
thraiighoul ihe IIP546XX oscilloscope product line and 
again in live HFri4G45iVD products. Tlie effect it has on alias- 
ing is dramatic. Pig. 7a shows the aliased lOkHz sine wave 
that is produced wheji a lt).01-MHz sine wave is smupled at 
1 MSa/s. Fig. 7h shows the satne display using the ditJiering 
iJHJcess just described. The res nl ting display is a fuzzy band 
much like what w^ould be seem on an mmlog oscilioseupe, 
with all signs of an aliased wavefonii removed. 
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An Oscilloscope-Like Logic Timing 
Analyzer 

Market research indicated that some customers doing embedded 
development preferred to work with oscilioscopes instead of standard 
logic analyzers. The HP 54B20 logic timing analyzer offers many 
oscilloscope features, including direct-access controls, a highly interactive 
display, computed measurements, delayed sweep, simplified triggering, 
and a trace labelmaker. 

by Steven B, Wamtjes 



The prinripal contxibiitions of the HP 54620 logic timiiig 
iiiialj^or (Fig. 1 ) aje not in its perfomiance specifications 
but instead in its user interface, optimized featiu'C set, and 
price. These are significant contributions, as evidenced by 
the HP 54620's receiving the Tesf & Measurcjuent World 
Besi in Test Award for l99o. Maikct research for the IIP 
54620 indicateil liiai some customers doing embedded devel- 
opniem work were fniJit ral ed witli the i-ost and cotnplexlty 
of Rtaiidaid ItJgic anaJyzeis atvd preferrecl instead to work 
witli oscilloscope*?;. The HP ^(>2() bridges the gap beiween 
stanciard logic analyzers and oscilloscopes by providing the 
functionality of a timing analyzer and the usability advantages 
of an andog oscilloscope. 



Product Descriptioii 

The HP 54(>20 Ls ht'St described as HVchaiiriel tinihig analyzer. 
Each timing analyzer channel has one bit of veitical resolu- 
tion indicating either a logic Mgh level or a logic low level 
based on a user-selectable voltage thi'eshokl Tlie HP d402(^ 
levei'ages HP second-generation iogic-anaI>^er-on-a-cl)Ji> 
teclmologj^ to pro\ide ofJO-MSa^'s or 2'ns liniit^g analysis on 
all 16 channels Hiinultaneously. Tliis acquisition engine and a 
custom display processor produce oscilloscoije-like, liigh- 
Ihriniglipu! displays. Monoclirome (HP 54620 A) and color 
(HP 54620(") display veraions are available. 




Fig. 1. ThM IIP 54620 16-(hann(*l 
logic timing anai>'zer bridges the 
gap between silandard logic 
analyzers anci tjBcillrsscotJes by 
providing I he fiincUcmality of a 
timing analyzer and the usaljility 
advantages ol' an rinafr>|:; ci^cilio 
seope. 
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The IIP 54620 leverages the CPU system aiid tlie mechanical 
design, of the HP 54600 Series oscillosro]ies for front-panel 
responsiveness and small fonn factor. The IIP 54620 is posi- 
tioned as a companion to the user's oscilloscope and there- 
fore has the ability to be triggered from another instrument 
(trigger in) and to trigger another instnunent (trigger out). 

User Interface Oscilloscope Similarities 

Most oscilloscope usei"s will tell you that their oscilloscope 
is relatively easy to use. Wliile some oscilloscoijes aie more 
user-friendly than others, the general feeling is thai oscillo- 
scopes aje easiei' to use tlum logic analyzei^. J\w primao' 
reasons are twofold. First, oscilloscopes usually have <lirect- 
access controls, sooiethuig not always 1 me of logic analyzers. 
Second, use illoscope displays are liighly interactive because 
of their fast screen tijjdate tates. After all, they aie primmily 
wave!V>rni viewing tools, and tliey feel ver>' responsive. The 
HP 54620 leverages these two oscilloscope ease-of-iise at- 
tributes £md adds some standard oscilloscope featiires, pro- 
\iously unavailable ui logic imal^^ers. that itiake the HP 54620 
feel and run hke an oscilloscope. The project design goal 
statejuent was, "Any user who can use an analog oscillo- 
scope should quickly be able to use this new class of logic 
analyzer." 

Direct -access control of instnmients means that the most 
common ccmlrols aie available on the front panel, througli 
clef heated knobs (jr buttons. WiUi an oscilloscope, tlie user 
often reaches up to expand or eontiact tlie time windows 
often viitliout tMnkuig. Tliis intuitive control is beneficial 
because it allows the user to concentrate on the problem at 
hand and not wony^ about riuming die test instnunent. The 
front panel of the IIP 54620, shown hi Fig, L has direct con- 
trols for lime t>er <li vision, wavefomi position, and time base 
delay. Instruments thai contain several layers of menus 
mider each front panel key can often confuse the usei'. The 
IIP 54620 addresses this concern by keeping most menus to 
a suigle level under a given front panel key, allowing ttie 
user more direct control of the instnmienh 

The abilitj^ to display miexpeeted or imdesired wavefonu 
conditions with a highly interactive display often leads the 
troubleshooter to a quicker solution of die ciicuit problem. 
Instrument displays with fast update rates selilom miss in- 
firequent or random events. If the update rate is slow, say 



less than five upflates per second, the? instrument cmi fail to 
capture imj»uilan( waveftM tti events because it is processing 
and not acquiring data when they occio\ Tlie HP 54620 's 
multiprocessor architecture (Fig. 2) yields a higliiy interactive 
display that updates the screen about 16 times per second as 
a result of parallel processing of the wavefomi data. 

An important element of oscilloscope operation is how^ re- 
sponsive^ il is to t*ont rol chmiges. After a control such as 
tfie time [}er division is changed, the instnunent should re- 
sponil quickly to j) re vent user confusion. The multiprocessor 
archil ecture of the HP 54620 helps address instrument 
responsiveness. 

To make the HP 54620 feel and n in like a oscilloscope it was 
necessary to add a ti umber of features that are standard in 
digital oscilloscopes. One of the advmilages that digital 
oscilloscopes have over analog oscilloscopes and traditional 
logic analyzers is the abUity to do automatic measurements 
such as signal frequency, period, duty cycle, and so on. 
Since the wavefonns are stored in memory, the oscilloscope 
can pt.>stpnjcess the waveform to detenuine the frequency 
of the stored signal. Oscilloscoi^e users have come to expect 
Uiese measurements ui digital oscilloscopes, (Consequently, 
automatic measurements for frequency, period, duty cycle, 
positive viidth, and negative width are implemented in the 
HP 54620. 

Delayed sweep capability is considered standard in the minds 
of some digital oscilloscope users and dierefore is imple- 
mented in die HP 54620. Delayed sweep is the ability to split 
the instil inient screen horizontally to show the wax'efomi at 
two dif!ei'ent tune-per-di\ision settmgs concunently. Delayed 
sweep is valuable because of the adciifionai insight that is 
often gained from the abihty to see the wavefonu at different 
levels of abstraction. Fig. S sliows many cycles of a pulse 
train in the main windo\\^ with a si^ecific cycle denionstralhig 
an eiTor in die ilelayed window. In tliis case the ability to 
view the big pictme along with specific "lit l le picture" detail 
gives additional information about the wavefomis under 
test. 

Just Enough Features 

Wlien deciding on the feature set of an nistrument that is 
supposed to be easy to use. the team faces a dilemma. Too 
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Oscilloscope/Logic Timing Analyzer Syner^ 



Logic analyzers determine whether an input is nigti or low ttasect on 
comparison of the input voltage with a reference or ttireshold voltage. 
The logjc analyzer fooks at the infmi signals the same way digital hard- 
ware m the c- test does What is displsved on the logic ana- 
iyzer screen. .vhat the digital hafdware in the sys^m sees 
One technique thai can lie applied when using a logic analyjei is io Jake 
the same measurement sevefsl times with slightly different threshold 
voltages and compare ttie timing diagrams captured by the logic analyier 
OifferenT integrated circuits see the logic transitions (0 to 1 or 1 to D) at 
different voltage levels For example, a TTl gate may switch anywhere 
between 0.8 volts and 20 volts By taking the measurement with slightly 
different logic analyzer thresholds, the user can often identify signals 
that are not being driven to the correct voltage level. The user can also 
get a feel for what the system timing would be at different temperatures 
and across different production runs This gives some insight into timing 
variances that may cause problems down the road. 

Companion to an Oscillascope 

Users often mistrust the logic analyzer because they feel it daesn^t give 
the 'real" picture of their waveforms. In this case, the user is refen-ing to 



the lack of analog content in the wsvefonn display by the logic ana- 
lyzer. On the other hand, the oscilloscope can show the w^eform s 
analog content but tf^ user can't trigger on the event of interest Ideally, 
the solution is logic analyzer triggering witfi osc avefonn 

viewing the hP 54620 logic timing analyzer js : : oe a com- 

psnion to the user's oscilloscope, not to replace ft Tnis analyzer has 
both a trigger mput and a trigger output on the front panel. Tlie user 
can trigger it from an oscilloscope or use the HP 54520 as a trigger 
source to an analog or digital oscillo^ope. Rg 1 shows the HP 54620 
triggering on a complex set of digital signals that combine to foriTi 3 
complex analog sjgnal. This is common in mixed-sigml embedded 
systems that contain either a digitat'to-anafog converter or an analog- 
to-digital converter Often, the analog signal is difficult to trigger on 
with an oscilloscope. Thrs problem is salved by looking ai the digital 
side of the signal and triggering on a specffc pattern. By using the two 
instruments together the user can be more productive by getting 3 
view of the situation that neither instrument alone can provide. 




Ftg. 1, The HP 54S20 logic timing ana- 
lyzer can trigger una complex set of 
digital signals and provide its trigger 
Signal to an oscilloscope to display a 
rts Lilting analog signal 



niarty features make the instrument hard to use because 
each additional feat tiro adds more controls. On the other 
hand, too few features dictate tliat just when progress is 
being niade tlie iustruiiient's reduced capabihty bccotnes an 
obstacle. The optimum point strikes a lialance between fea- 
tures and user interface complexity. The dc^sign ^tial in I he 
HP 54620 was ''just enough featm-cs — an easy-to-use utstni- 
ment with the capability 1 need to t* ^ nty job the m^ority of 
the time" 

The best example of just enough features in the HP 54620 is 
in the area of rriggeriiig. The extent of tiigger functionality 
in traditional lo^ic luialyzers is broad. Triggering capability 
ranges from tJie most basic edge on a single c:hannel to the 
ability to have up to ten sequence levels in a user-definabie 
state machine usmg pattern rccognizei'S, range recognizers, 
timers, imd event count ens. fonverseiy, tlic most basic thj|- 
gering available aitti sometimes thv only triggering ava Liable 
on oscilluscopes is the ability to trigger on a risinii or falling 
edge at a given voltage on a specillc cliannef Tlie MP 541)2(1 
needed to iind a balance between a logic analyzer and aji 
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Fig* 4. The advanced tiiggering feature set is described by 

Lhe Qvenlevv screen. 

osdlloscope since it is supposed to be an oscilloscope-like 
logic ai^alyzen Tlie design team did several rounds of cus- 
tomer \isits tfj understanfi tiie target customers, tlieir needs, 
and tlieir fnistrations witJi tiaditional logic analyzers before 
tin ally airiving at the triggering feature set. 

The design team broke the triggering down inio iliree broad 
categories. First and simplest is edge triggering. Tltis is the 
logic analyzer version of basic oscilloscope edge U iggering. 
In this category the user selects a channel and an eflge 
polarity. No voltage value is set because it is implied in the 
logic threshold. 

The second category is simple pattern. Simple pattern trig- 
gering is definetl as highs, tows^ and don't cares specified 
across the input clumnels. The analyser triggeis wlieu the 
speciOed patteiti occut*s. Optiotially, this simple pattern can 
be combinefi with a rising or falhng edge on a single chaimel. 
This optional edge gives the user tire ability to qualify the 
specified input pattern. 

The HP 54620 use model railed for users to use edge or sim- 
ple pattern triggering, or both. 80% of the time. Therefore, 
these trigger categories arc accessible tlirough buttons on 
the front panel, Tlie user switches trigger category by simply 
pressing the front-panel key 

The third category- of triggering is advanced. This category 
of triggering is in place for the 20% of the time when edge or 
simple pattern is not powerful enough. In just-enough - 
features thinkurg, the added capabihty of advanced trigger- 
ing ensures that the inslrument is not undeipowered. The 
advances! triggering feature set is best described by the 
overview screen shown in Fig, 4, Advanced triggei-ing con- 
sistis of two pattern and two edge resoiures that can be 
combmed with the logical operators snch as AND, OR, and 
THEN. In additi€>n, pattern diuation and edge occuiTence trig- 
gei-?? are available. While this advanced triggering capability 
is far below tJiat provided by the most powerfitl logic anaiyx- 
ers. customer research showed that this feature set would 
be acceptable in the majority of situations. 

Doing the Riglit Thing 

Customer research on w^avefomi viewing tools indicates 
that these tools aie used for bursts of activity separated by 
weeks oj' months of macti\ity. Tliis leads to ctistoiiiers re- 
leaming the tools for each burst of activity. "Doirtg tlie right 
thing" is an attempt at reducing or eliniinatiitg the releam 
time. Research has shown that when ari interface control 



does what the usi?r expects, it need not be explicitly remem- 
bered. Instead, users remember or attempt to remember 
controls that are exceptions to what they expect Unfortu- 
nately, user interface exceptions are often forgotten and 
sometimes remembered incorrectly resulting itk frustrated 
u.sei-s who cim'l gel the instrument (n <lo what they wanL 
Doing tiie right thing meiiiis the instrument responds as ex- 
pected, perhaps even delight ii^g the user by doing exactly 
what the user had in mind in a given context. 

HP 54620 customer researeh also detenmned that users 
need to lie alile to label the sixteen input channels so as to 
better vmder stand the onscreen signals. Since the IIP 54620 
has no computer keyboard this presents a user interface 
problem. fJur solution was to come up with a labehnaker. 
The labelmaker needed the ability to combine characters to 
form meaningful signal names. Tlie labelmaker, shown in 
Fig. 5, provides control of character selection with a knob 
on the fi'ont panel Softkeys aic use(J to position the cursor 
atid manipulate the label tmder construction. 

Even with our best design effort, customers found inputting 
labels to be tedious. Sevenil clianges were then made to the 
labelmaker to make it do the right diing and dehght tlie custo- 
mer. The fust change was the inclusion of a label thctionaiy. 
This nonvolal ile label list of 75 entiies is remembered when 
the instnuneul is turned off and is seeded by the factor^' 
will I a number' of standai'd signal names. Research Lndicaled 
tliat many customer's were using the same label names 
based on which microprocessor or microcontroller they 
were using. The label dictionarj^ then becomes customized 
to the user's labels over lime. As the irser constructs a new 
label, it is saved hi the label dictionary and the least recently 
used label is removed. Using tile label dictionaiy dramatically 
reduces the number of labels that need to be constructed 
using the label makerv making the product much easier to 
use. This shoriens the setup time of the instrrmicnt and 
leads to more miderstanding of the signals on the screen. 

The second change in the labehnaker has t>een identified as 
a "delighier" by customers. In flefining labels for input sig- 
nals, the user is often looking at a bus such as an address or 
data bus. A topical naming convention for buses is ADDRO, 
AODRl. ADDR2, and so on. The prefix can chimge but (he nimi- 
ber at the end defines the specific Inis ijit , In the labelmaker 
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Fig, 5. The labelmaker provides control of character selection 
w'nh a knob m\ the front panel Ttie labd dictionar>\ a nonvolatile 
label list nf 75 entries. Is remetnbGred v\ lien the instniTTtent U 
lunverl off. 
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the user assigns the constructed label to the selected chan- 
nel by pressing the Ass(gn label softkey. In the nonmal case. 
Assign Ubei sitnply does the assignment to the channel, not 
changing the eillt field or the selecteil channel in the case of 
a bus assignment, that is. when the new label etuis in a num- 
ber, the Assign label softkey has a different behavior. It not 
only does the label assignment, but also increments the 
selected channel and increments the label in the edit field to 
the next logical bus bit. For e-xaniple. if 1 lia\ e just constmc- 
ted a label named DATAO the Assign label softkey will assign 
that label to channel 0. Since this is the define btis case (the 
label ends in a number), the new label in tiie edit label field 
\\ill be incremented to OATAi and the selec^ted channel will 
increment to channel I. Tlius, to define a bus, the user need 
only press the Assign Label so^key rej>eaiedly to label the 



entire bus. In addition, the label dictionary" is sntart: only the 
flrst bus label is saved m the dictionary' so thai the entire 
dietionar\- is not filled with bus label entries. 

Conclusion 

The HP S4620 shows how contributions can be made in user 
interfaces and optimized feature sets while leveraging exist- 
ing Hewletl-Packai'd technology'. Customer research and 
usability testing are key ingredients this process, 
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High-Sample-Rate Multiprocessor- 
Based Oscilloscopes 

The HP 5461 5B and 5461 6B oscilloscopes blend proprietary high-speed 
sampling technology with the power of digital signal processing and a 
proven user interface to deliver usable advanced characterization 

capability. 

by R* Seott Brunton 



The design of the HP 546 15B and 5461 GB oscilloscopes 
(Fig, X ) focused on adding liigher sample rate and extended 
nie]noi'> dejjrh to the attributes of the HP 54600 product 
raiTiily.^ Ijicreasing \he sajnple rate to 1 GSa/s and 2 GSa/s, 
respect] vely^ broadens the confidence that naiTow signal 
transients will be acquired and, combined with very respon- 
sive front-panel controls, presents a visually dense inmge of 
the acquiied wavefonn. To provide reliable acquisit ions (iver 
even the slowest tune base settings, special hardware can 
be engaged to detect and capture peaks as narrow as 1 ns 
in width. 

Successful development depended on retaining the person- 
ahty^ of the IIP 54600 family by projecting "the feel of dialog 
and the power of digital" along the n^any dimensions of the 
customer use utodeL 
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Fig. 1. Tile HP 5461 6B oscilloscope (top) and the HP 546 15B 
oscilloscope (bottom) offer higher sample rates aiid extended 
memoo' depth. 



Product Description 

The HP 54515B/16B represent variants on the same software 
platform. Pursuing this conunonalitj' in the underlying soft- 
ware allows efficient cietivery of the features and streT\gtks of 
previous HP 54600 products. To ensure the analog feel of the 
user interface, fast display update and crisp display qualit^^ 
were cornerstone metrics. Bezel-moimted soft keys facilitate 
access to advanced control featuies, ajitl front-panel conti'ols 
are derived based on the function and operation of classical 
analog oscilloscopes. Each of the two independent chamiels 
delivers a system analog bandwidth of 500 MHz. 

Beliind the C 'RT display system and familiar front-panel 
design Is a nucroprocessor-based acquisition platform that 
centralizes tlie overall scheduling of iicquisilions and subse- 
quent data fdtering and abstraction. Instrunient conTrol is 
through user front-panei actions or remote control \ia the 
HP-IB (IEEE 488. lEC f325) or RS-232. Printers are supported 
to provide hard-copy imaging of acquisitions and setups. 

Optional expansion modules deliver seamless access to 
additional postprocessing capaijilities and full-featm-ed 1/0 
comiectiwty. Standard 1-ns tligilai peak detection, advanced 
measiu^ement functions^ and the ability to view events 
occuiTing before a trigger permit accurate and detailed 
charHCterization of target system designs. 

HP 54613B/16B Architecture 

Extending the architecture developed for earUer product 
family members,^ these new products leverage proprietary 
technology' blocks to deliver added performtmce. The im- 
proved architecture is represented in Fig. 2. Wavefonn up- 
date rate and instrument perfonnance are irt creased throvigh 
the delegation of primitive tasks to slave processing ele- 
ments. Tluee processors are used. Each lias speciHc tasks 
and responsibilities that result in a patallel processing boost 
in responsiveness and a redaction in the "blind" time between 
acquisitions. 

Host Processor 

The MC*i8000 host microprocessor is responsible for tlie 
general control and operation of Hie product. It is tire sole 
provider of service tt) the front panel which is of Mgh priority 
because instrument responsiveness is directly associated 
with this proce^or's performance. 
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Fig. 2. Architectural block diagram of Lhe HI' 54615B axid 5461 6B 
osfrOloscopes. 

In addition to this task, the host maintains conimanication 
with and dispatches lasks to rhe other two processing 
Ijlocks, where automatic measurements aie performed on 
acquired data and interaction with the optional modides 
takes place. 

During an acquisition, the host processor also tracks tiie 
current run state r>f the instrument and coordiiiates the sub- 
sequent software processing. 

\ldeo Display Processor 

Once daUi has i>een acqalr«Kl and placed into shared memojy 
for disiilay, tlte videc> display processor postprocesses tJte 
data record. Data is trans iated from a tim&-correlated, 
sequential organization to one that is appropriate for the 
display controller. In addition, vector processing on raw 
data can be performed. This dedicated display processing 
resource results in a net reduction in the capture-to-display 
time. 

Digital Signal Processor 

Tlic Tl:320C5() digiial signal processor (DSP) acts like an 
acquisition suhsystem controller and data processor. It is a 
slave to the host M('6800() from w hich it receives instrument 
state information. The DSP manages the time base and per- 
forms siunple rate generation. Once a valid trigger is recog- 
nized and data is acquired and miJoaded from tlie dedicated 
fronl-end acquisition system, the DSP performs time correla- 
tion in preparation for postprocessing. 

Working at cycle times far shorter than that avail aljle on tlie 
host MC68(K)0, the DSP, depending on tJie acquisition mode, 
perftjnris rcccjrd averaging and jirimar>' vector compression. 
This processeti data recor<i is transferred into a shared 



memoiy segment and control is passed back to the host pro- 
cessor. Of sigEiiBcance is the fact thai the \ideo display pro- 
cessor accesses this same shared mcmoiy segment to trans- 
fer the newly acquired record into video R^M without any 
support from the host. Thus, acquisition-to-display time is 
markedly superior to metiiods tliat require host involvement* 

Completion of the acquisition c>*cle is conmuuiicated to the 
host and, if nec^essan". the tri^er and fixint-end liardware 
are reprogmmnted and amied for the next acquisition. 

Acquisition Front Eod 

The HP 54615B/16B gain many of their capabilities by lever- 
aging hardware technolog>' from other members of the HP 
54600 product family. The combined atialog attenuation and 
digital sampling system delivers a signal-inptif rise time of 
700 ps and a sampling rate of 1 or 2 GSa/s. This produces an 
effective repetitive bandwidtii of 500 MHz on both products 
and a single-shot bandwidth of 250 MHz on the HP 546 15B 
and 500 MHz on the HP 546 16B. Through tlie use of iiite- 
grated hardware, l-ns peak detection is aciiieved over all 
time base ranges. FoOovviiig the front-end hardw-are is a 
proprietary mcmoiy^ system that is configured to provide 
5000-point acquisition records for each channel 

These features peimit a high sustained sample rate over a 
wide number of tinie base I'anges. Engaging the hardware 
peak detection capability- is an effective defense against the 
possibility of missing fast transient input signals. 

Other Capabilities 

An integrated internal calibration port enhances the ease of 
use ai^d reduces the cost of ownership of these products. 
The CHT, the front-panel keyboard, the internal system 
memoiy^ ^ir^l o( her hiu-dware sub.systems are easily tested 
wilhoii! (he need for additional test equipment. Both vcilical 
and horizontal representations of tlie acquired data are 
calibrated for variations in hardware components and the 
thermal emironment. 

Additional rneasuremenls, enhanced ftmctional capabiUty, 
nikisk Icsling. FFIsh acktilional nonvolatJle memoi7 for setup 
imd trace saving, and expancied I/O conned iviiy can be pro- 
vided through the itse cjf attachable option niofiules. 

Software Block Diagram and Theory of Operation 

The suftw^arc environmen! can t)e ihoughi of as being 
assembled from a number of idamis ofcontmL With the 
host MC'68000 acting its a central dispatcher, tasks are deliv- 
ered to ai\y of several subcontrollers. Each subconti-oller 
retains independetil slate infonnation regarding the underly- 
ing hardware. In the HP 54615B/16B products^ there are 
three such islands of control. 

Tlie first is the MC(580C)0 itself. Ir\ addition to nuuiing the 
operating system, tlic host processor is responsible for <lis- 
patcliing messages related to main antl delayed time base 
sweeps for performing data aijstractions on acquired data. 
In particular, automated measurement calculations on 
acquired data, mask testing. FPf computation, and function 
evaluations are perfomied by the host. 
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Fig, 3, Islands of control Each 
isUnti con sis rs of a proc^essor 
v\i1:h unique applications, hard- 
ware, and drivers. 



When the state of the host instninient dictMes that messages 
be dispatched to neighboring islands, two methods are em- 
ployed. Ttie first is a time-sliced access method in which 
access lo a pjuliciilEir island is guaranteed dm-ing a given por- 
tion of the ovenill instrument cycle time. During ihis time, 
information can be exchanged and island slate variables 
affected. An example of Ihis type of dispalt h is the video 
display processor. WTien vecl oi^ are enal)Ied or disabled, the 
video display processor Ls informed of this change of state. 
In tmii, the \ideo display processor effects the necessary 
changes in the hardware imder its control in an autonomous 
main ten 

The second method of message dispatching is based upon a 
traditionaJ message/interrupt scheme. The host places a 
n^essage in shared memory, wliith by protocol is guaranteed 
not to be comipted by other islands, and then sends a hard- 
waie Interrupl to the neighhtiring LslaJid controller. Delect ion 
of the message is asynchrojious; the host will not initial e 
subsequent message/mternipl cycles mitil a handshake from 
the first is recognized. The DSP is an island that operates on 
this premise (Fig. 3). For example, when the ins peak 
detection capability of the instrument is enabled, several 
message/interrupt packets ai'e bmlt to make the necessary 
changes to the DSP's internal state variables and tables. 
Acquisitions are then restarted in the new mode. 

Because the host islaiid is running a mulri process operating 
system, it can be tJtought of as several sniiUler islanci pro- 
cesses, hi addition to the one resporisible for corumiinicaling 
witli the DSP isl^Kl, otiiers manage die front-panel keyboard 
and remote control interiaces. For example, when user 
interacton is detected by the host, reading of the kej'board 
state is performed by means of niemoiy mapped hardware 
located within the address space of the host system RAM. 



Each island has specific responsibility for its respective 
luiderl^TJig hjirdware subsystem. Software tlriver/hardware 
pairs exist within each island and are tuiique. For exaitiple, 
the DSP iskmd contains a specific driver to control and 
operate the Integrated time base generator hardware. 

Code Reuse 

An iniijoitant part of the effectiveness of this develupnient 
was the the application of softwixre t ode reuse. An expanded 
iuid enhaticed printer libraiy was exploited widiout change 
to accelerate the development. Taking advantage of soft- 
ware that is ripe for reuse has inijjroved the reUabiht>^ of this 
family of uistrument products. Consistent with the goal of 
providing familial" fimctions throughout thc^ product family, 
this effort continues. 

Summary 

Tlirough the application of task-specific hardware and soft- 
ware subsystems, the antilog feel of the user htterface has 
been retained while extending I he envelope of performance. 
The notion of islands of control with autonomous operation 
effeciively f)ennits improvements in responsiveness, while 
an emphasis on sotlwai'e code reuse improves midntainabllity 
cind the leveraging of existing teclmology. 
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A Dielectric Spectrometer for Liquid 
Using the Electromagnetic Induction 
Method 



Key parameters of colloids are often directly related to or can be derived 
from permittivity or conductivity. Dielectric dispersion analysis (dielectnc 
spectroscopy) yields insights into colloidal properties. A dielectric meter 
using a new sensing technique has been developed. 

by Ilictek] Wakamatsu 



I^ieiectric spectroscopy is ust^ritl for the characterizafioii ut 
colloitkd dLspei'sioiis. In the past, dieleclric^ siu^ctrciscopy 
luis hecn attempted using parallel nietaJ electrodes to mea- 
sure the permittivity aiid conductivity of coUoids. However, 
it is dirficult in practice to make these measme merits in con- 
dutMive J^oiutions l.K^Cimse ku'ge mcc^Lsurement errors can be 
canserl by ele« trode pciiariztilioii, vvluch is a kind nf t*ontact 
impedance between Live ekMLlnxk^ juiil the solution. Electrode 
polaiization hehaves like a eapacitaiiee and ntasks the tnie 
yjroperties of the si'>lution at low rretjiiencies. 

The HI" K50r50A colloid dieltx trie* prol>e was developed for 
colloidal liquid evalunticin. Its elcrrr(jma;:(uetic indndinn 
icrhniqut^ eliniijiates the elreirodc |)n!anzaliou elTcci. The 
probe operates from 75 kHz to ;^(I MHz wiili the HP 4285v\ 
precision LCR meter and HP VKK sfjftware on an HP Veetnj 
or c^mipatible comtniter (Fig. 1). The HP \'KK (nn inmnient ^ 
j)n>vidcse;Ls,v (Jt^^'^'^^ti^*"* <iis|>layt luxd cuud>sis (jftlie measure- 
nuMif data. 



Baekgrooiid of Dielectric Spectroscopy 

Culloidsare dLSfiei"sion systems conijxi.sed of a dispersed 
substiuiee in paiticukite fonii in a continuous-phase disper- 
sion medium. There are numy types of colloid; some familial' 
examples are listed in Table I. 

Since there aie interfaces between the dLspei'sed substance 
aiul the suiTounding dispei-sion medium m a colloidal dis- 
pei-sion, there cfm be ajjpended tnonintrinsic) dielectric 
relaxations — tyiJicaJly the permittivity decreases and the con- 
ductivity increases with increasing rreqiiency- — as a result of 
iiiteii'at ial jjolarization caused by c barge buildup on (he 
bEiiiiidadfs htHweeu the dilTeivnt iiiaferiajs. Tlie jutalysi.s of 
tliese dieliHtric relaKations based tm ;ni af>p^^«>priale tiieoiy 
of iiiierfaeial ijtjlaji/ation j provides Viiluable ini'oiriiation on 
the structural and electriciil [jroperties of colloidal t)articles,- 
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Colloid 

Shaving Foajii 

Fog, Clou f I 
Milk, Mayonnaise 
Butter, Mai'gaiiiie 
("harcoal 
Blood 

Black Ink 



Tabk I 
Familiar Colloids 

Dispersion 
Medium 

Soapy Watc-r 
(liquid) 
Air (gas) 
Water ( liquid ) 
Fat, Oil (liquid) 
Cai'i>on (solid) 
Seruni (liquid) 

Water (liquid) 



Dispersed Substance 

Air, Propane (gas) 

Water (liquid) 
Fai. Oil (liquid) 
Water (liquid) 
Air (gas) 

Eiythrocyte (micro- 
capsule) 
Carbon Black 
(solid) 



The frequency characteristics of tlie pemiittiiity and con- 
ductivity of colloidal solutions aie especially informative. 
Fig. 2 shows some examples. A practical means of measuring 
these chai-acteristics — that is, practical dieleclric spectros- 
copy^ — would be a significant contribution to the study of 
tliG stabilization of flispersioii systems BXid product quality 
controL 



Dielectric Measurement of Colloidal Solutions 

'JVatUliondly, pt^nuittivity is mciLsured with parallel nietaJ 
electrodes. Tliis technique can i>e used to measure noncon- 
ducting (non ionic) solutions stich as oils or alcohtils. How- 
ever, in the case of salty or ionic sohJtions tliai lia%e tugh 
contluctlvjty, ihis nieThf>d suffers from liU'ge measurement 
errors. Fig. ^ia shows U^e mecliajiism resi>onsiV>le for the 
errors. Electrode polarization results fron^ the electrical 
double layer between the metal electrode surface and the 
ionic solution. Tliis becomes a serious problem at low fre- 
quericies because electrode polEuization is a capacitance^ 
so die contact impedance is large at low frequencies. If tlie 
total impedaiicc consisting of the solution impedance and 
the electrode polarization impedance is counted as tlie solu- 
tion impedance, a Large eiTor is incuned at low frequencies 
(Fig. 3b). Iji other words, the increase of the contact imped- 
ance at low frequencies masks the true properties of the 
solution. 

The second reason why it Ls difficult to make permittivity 
measurements is as follows. Often in aqueous colloid spec- 
troscopyj the pemutti\it>' Ls a minor pait of the admittance 
compared to the conductivity. This means that it takes a 
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Fig, 3, ElecLrode polarisation effect, (a) Mechamsm. (b) Effect 
on measured frequency characteristic. 

highly prec^iise measiu-eiiient to extract the smaU capacitlve 
peiTTiittivitj^ component Froni the almost entirely conductive 
admittanci?. For example, in 0.1% aqueous NaCl (t> = 80, 
K ^ 0,2 S/m), Ihe niagjiitude of the susceptance (the permit- 
tivity part) is only about 17500 that of the conductance (the 
conductivity part) at 100 kHz, If 1% accuracy of the permit- 
tivity analysis is required, the measurement system n^ust 
ttveasure tiie argument of the complex admittance accurately 
within 20 niicroradiaiis, 

Nonelectrode Electromajinetic Induction Method 

II the electrode polari/.ation could he rentovecl, live true im- 
pedance of tlie solution could he measured. To eiiminate the 
electrode polarization, a measurement technique without 
electrodes has been impiemented. hi this method, a rlosed- 
circuit current is made lo flow in the solulion by electromag- 
i^etic induct i<:»n. This current is then measured, also by dec- 
tr ontagneti c indue tion , 

Fig. 4 illustrates the principle of this measiu^ement tech- 
nique. When a pair of toroidal coils are immerseti in the 
solution, the solution completes the circuil betweeti the 
coils. WTien the ijrim^iry C(}lI is excited from the ac signal 
source, a magnetic fiehl in the primary' roil induces an elec- 
tric field arc mid the primary* and second ary^ coils, and the 
electric field causes a closed<'ircuit current in the solution. 
Tills closed c^irctiit current intluces a magnetic flux in the 
secondary coil m\d the inagueiic flux ituhices an eh^ctro- 
motive force in the secondaiy coil If the runent flowing in 
the secondary coil is metisuied, tJie cm-rent in the solution 
ciin he detennined. Since the magnitudes of the currents in 
the solution ;ind tlie secondary coil are proporliond to the 
t'losed-cir'cuit sohiMon a(hiiittanc:e, the conductivity orpennit- 
tivity of the solution c;iit l)e calculateil from the measured 
secondary current and prim^uy voltage. 



The induction method avoids the electrode polarization 
effec^t and has been used in some conducti\it>^ meters suited 
for liigJi-conductivit\' soiutions. However, while these meters 
can nieasure conductivity, they cannot measure |)ermitti\ity 
because of the di£ficult>^ of measuring the small c^aciti\re 
part of the admittance, as discussed in the last section. The 
capacitive part (i.e.. i>ermitti\"ity) of the admittance is much 
smaller than the conductive part for most aqueous solutiorts- 
VMien a detection de\1ce such as sho^ai^ in Fig. 4 is used to 
measure a capacitance, measurement errors are produced 
by undesired coupling between the primary' and the second- 
ary. This coupling includes leakage magnetic flux coupling, 
stray capacitance coupUng. and acoustic coupling caused by 
magnetic distortion of the magnetic cor<^. All of these are 
severe problems even if the amoimt of coupling is small 
because the secoitdary current corresponding to the permit- 
ti\1ty is extrentely smaU. ev'en for liquid that lias a relatively 
iiirge permittivity, such as water. Tliis cuiTent is often less 
than one ntiilionth of the primaiy ctirrent at low firequenci^ 
(e.g., < 100 kHz). 

We have developed a new probe and system to solve the 
problems discussed above. As mentioned earher. the probe 
operates fiom 75 kHz to 30 MHz v^lth die HP 42a5A precision 
LCR meter and HP VEE softw^aie on an HP Wctra or com- 
patible computer. The HP 4285A apphes IV to the primaiy 
coil, achieves acciiracy on the order of 50 micro radians or 
200 picoamperes in tiie secondary coU ciurrent measurement, 
and then outputs the vector ratio of the current to the pri- 
mary voltage, which is measured remotely (Fig. 5). The per- 
mittivity and conductivity, which are fimctlons of the vector 
ratio, are calculated from the measured vector ratio by the 
software in the computer 

Probe Architecture 

Tlic induction metliod completely eliminates electrode polar- 
izati<jn. However, some improvements to reduce the unde- 
sired couplings were necessary for practical usc^ 

Tlie fii^t prototype of the probe had the structure shown in 
Fig. 0, The interior of this probe consists of two toroidal 
coils and electrostatic shields, which are covered with 
epoxy reshis. This prototj^jc yielded knowledge in thiee key 
areas. 
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Fig. 4. Elfr/troiiiagtietic induction rtielliod. 



Ap ril I m? Hp wlt^T i- Packard JoumHl 3B 



)Copr. 1949-1998 Hewlett-Packard Co. 




Frifiiftfy 
Coil 



Secondary 
CoJI 



Nulling 
Amplilier 



Fig* 5* Siiii];3mied srhcmatlr' 
tliagrani of the probe and LCR 
meten 



First, although extremely delicate, pemiittivity measure- 
nient is possible. In spite of the tiglit shield between the pri- 
ni^ny and seooi\dar>' coils, tiie residual athnitliince Ironi the 
uiidesii-ed couplings caii be larger ihsm the effective adiml- 
taiice from rhe pennittivit.y of water (Fig. 7), However, this 
losidiial admittance caji be canceled out witli the assistance 
of software corrections. 

Second, aii asym met Heal electric field produces an error if 
diere is a groimd loop. When measuring sokuioas on a beaker 
scale, where die solution Ls not giounded, there is no fjroblem 
using the structiuD shown in Fig. 6. However, if die sohition 
container is (jn a tank scale and the solution is nearly 
grounded, a new problem arises. The asymmetrical field 
such as the one shown m Fig. 6 produces unbalanced volt- 
ages on the symmetrical shield structure. This conunon-mode 




Solution 



voltage produces a ground-loop current, which is measured 
like an olTset capacitance (i>ermittiv1ty). Tliis offset phenome- 
non is very criticaJ because it is unstable and often larger 
than the pemiitdvity of water. To eliminate this offset effect, 
the fjrobe stnicture must generate a balajiced field- 
Third, acoustic (microphonic) coupling also produces 
severe problems. The shape of a ferrite core that has a large 
permeability is geometrically transformed by a magnetic 
Heki. Vilirat ion of the magnetized core produces an electro- 
motive force in the coil wound on tJie core. UTien the pri- 
mary coil is excited from the ar signal source, the primary 
core vibrates. The secondary core picks up this mechanical 
%dbration and pnKliices an electromotive force in tiie second- 
ary coil if the secondaiy core is magnetized. This mechanism 
spoils the isolation between the primary and the secondary. 
Since the toroidal cores have many resonant modes of 
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nu^rluiiiifal \ibrai.ion between 100 kllz and 1 MHz, they pro- 
due e sharj) l>ea]cs of residiml atliniltaiicc at specific frequen- 
cies (Fig. 7), This resklual atlniittance cannot be canceled 
out by corret lions Ijecatise it i.s unstable: its magnitude and 
frequency depend on tlie temperature, tlie niagueliziition 
state, and of her factors. To prevent this coupling, a suitable 
buffer material is required between iJie pnntary and 
secondary cores. 

On the basis of the above knowledge, a new probe stjucture 
was developed. Pig. 8 shows the final structure. 

Accuracy Enhancemetit: Calibration and 
C cimpeusation 

PeruMtiiv ity measurement is extremely delicate. Corrections 
ait' ver>' ittit>"i"^3nt to extiarl the small eaimcitive componeni 
from the almost entirely conductive admittance and to cancel 
out the residual admittajice of the probe. 

Open/Short/Load (OSL) Calibration. Tlie equivalent ciicuit of 
liie probe wilh 1 tie UH meier is shovtTi iti Fig. 9. The solu- 
tion s loot) a(imJ1tiinre V^ itJul the LCH meters measmement 
value Yj^n are j^elated by the following equation based on gen- 
eral impedance measurentent theory: 

K. + Yni 



Vk - Ki 



1 + Ks^i 



0) 



/ 







Netwofit 






Pig. &. Calibration model for probe with LCR meter. 

w^here Ki, K2, and K;} are frequency dependent complex con- 
stants. The Kj J K2, and K;i are parameters related to the cir- 
cuit of the measurement system and can be derived from the 
circuit constants. However, it is not nccessarj^ to analyze the 
details of the circuit. The best way to determine Ki» Kj, and 
K3 is known as opeiVshort/load (OSL) calibration, The three 
mi known paiaiuerera can be calculated from the relationslup 
between the values (T^J of tlmee known admittances and 
their measiu-ed values (¥„ J. 

The three known adniitt.mices can be prepared solutions^ 
but a simpler, more accurate, and more stable calibration 
method is used in our system. The calibration kit shov^m m 
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Fig, 10. (:^ilii)nUion kit. 
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Fig. 10 wm developed for the OSL caliJiratioit of the probe. 
The kit coiisisLs of 50-ohm aiid Oohni one-poit standards 
and an adapter that links the staiitiaitLs with the probe ring. 
For the load stale rhe probe is plaeed in the adapier vuw- 
iiccted to the HO-ohni standaad, fra tiie shoit state* tiie [jrobe 
is placed in the adapt er eonnected tcj die O-oliin staiidaid, 
and for Lhe open btiite the probe is placed ui air. 

When niea^sxiring a sohition under test the fohowing relation- 
ships exist l>etween the admittance X^ aiid the c(>ndncti\'ity 
and i>erniitti\ity. 



Condu^ti^^ty: k = K^,.(^.|]Re( Y,,.) [S/m] 



Pennittivity: z = K, eithn(Vx)A') 
Relative permittivity; *:> = b/t^t,, e^ 



[F/ni] 

- aS5xlfJ-'"F/m. 



(3) 



lQ.gll [ni"^] is a frequency independent, real-number constant 
related to the probe dimensions. EefY^ ) and lm( Y"^) are the 
real £ind imaginary^ parts of Y^, anti <ii is angular frequency 
Measurement of a kno^Mi solution (e,g., KCl in water) can 
detemtine the K,.t.u ^'alue. wlucb needs to be ol stained only 
once tJt the develf>pnierital stage of the probe. Tliis is because 
the probe is moldefh and Ihe prot>e-to-probe variations in its 
chmensions ai'e htsignifit am. DilTerences in the diLuensions 
of the probe do produce ernjis in die aniplitudes of tlie [uea- 
sured \'£xlues, but the value of primaiy hnportaiice for mea- 
suring pemii1ti\1ty in conductive solutions i% the argument 
of the complex adinittaiK^e rather than the amplitude. 

Coinpensalion. In Hieoiy the OSL caliliration should provide 
all the coneiiiun diat is necessMiy. However, a problem was 
discovered when the conducUvily and j)eiTniiti\ity of a stan- 
dard KCl soludon were me^isured id'ter caJibration. The K(.p|| 
derived fiom die real pai1 (conduc"ti\ity part ) of Y^ and 
an< idler K^ ^ \\d eri\e d f roi n the i n i agin tuy pmt ( | )e m li ! t i vity 
pari) of Y,^ did not coinci*le. In odier words, while (he K((*ii 
value should be detemiuied uiiitiuely by the probe sliape, 



in practice a K<.p|| value determined dus way will give the 
wrong answer for eifher conductivity or permittivity Por 
extmiple, wlien usitig the Kj eii value deter mined for conduc- 
tivity, the caltailaled iJiTinittivity of con duct ivx* water was 
usually 'SiWii to ^iM snialli'^j' liian its true value, Furthennore, 
diis iTror varies depending on the cotiducti\ity, pennittivity, 
and measurement fregueticy. To solve Ibis juobh^m. the 
enor model shown in Fig. 1 1 was developed. 

Tlie conipensatioii eciuaticni derived from tfie model in Fig, i 1 



_ 1+,1+Y../Y. 



(4) 



where Vji-inji' i^ f Jt*" < ornpensaled Yx, Y„ = j<iit' o, and C\, is a 
cliaraeterist ic stray capacitmice l>etween the copper shield 
in the probe nuild and die surrounchng sohition. By using 
^'x-iniv ittstead of Y^ in eciuation 2 or ::J, the incronsistency 
between the K^pii values for conductivity and pennittivity 
can be iniprtjved from 50% to less than 'M>. Fig. 12 illustrates 
the effn^acy of I he ct>ut[>eosati(jn in |)ermUtivity 

Tlie value of C,, is determined easily after determining the 
Kt^-ii for conductivity. A solution with a known permittivity 
(e.g., water: i- j- — 80} is me^isuredt and a i\j value is found 
that gives the correct permittivity when used in equations 3 
iuul 4. 

This method would not work if the conductivity and permit- 
tivity were In interact, since K^^.[\ and t\t would then he diffi- 
cult tr> deter muie indeiXMi dent ly. However, the efteet ofCft 
on die mciisured conductivity value is insig!iiilcaiU. 



1M T 



70 



40 - 



Compen^sated 



AqyBDiis ^aC] 



Pure Water 




Compensated 



Effvanol 
Noncompensaled 



0.1 



1 
Frequency (fVIH^) 



Fig. 12. ER'ect of coniprii&titian on int^ii^iurpd permittivity 
(The I me values of ErSil ^^'^''f' are TS;i for watt^r iiml 24.6 for 

rTliiinol.) 



42 ApriJ 1997 Hcwlptt-P^clqird Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



10 

i so 

i 

fl 90 ■ 
10- 



D Produci A. for While Paint 

■ Fraduci A. tor Mela I lie Paim 

A product B. for White Paim 

A Product B. tor Mela 1 1 it Pamt 

Q P^d net C , for Wh ile P aj nl 

• Prod net C, for Meta 1 1 i c P a i nt 










1 W 

Frequency (MKzl 



^^"^ ' oooooocoooooSoodoooSoooo 



■f ir^ 



itH -- 



10'S 



ir" 



,ftf«!A5ftft 






P ••a 



An ^ A 



••;« 



0,1 



1 10 

Frequency (MHz) 



100 



Fig. 13. Dieleflric relaxation of six liquJd c;ar wgxes. 



conductivities and low pemiittinties. but the induction 
method should be used for high conductivities. 

The second demonstration is monitoring yeast groHlh in 
fermentation. Dielectric spectroscopy is a noinnvasive tech- 
nique suitable for characterizing living biological ceils. Bio- 
logical cells are enveloped in a plasma membrane thai is 5 
to 10 nm thick. The c^nduciivity of the plasma membrane 
of a viable cell is negligibly small compared v^ith that of the 
external medium and the cytoplasm. Since the medimn- 
membrane-cvtoplasm structure has the structure of a dielec- 
tric material sandwiched between two electrodes, it behaves 
like a capacitor, and the permittivity of a ntedium containing 
ceils is larger than thai of an empty medium. The increase in 
the pemiitUvlty is propordonaJ to the cell concentration 
CFIg. 14). ThuSt the cell concentration in the ceil culture can 
be monitored by die dielectric method. 

Advantages of the HP E5050A system for this application are 
as follows. 

• Tlte technique Is nondestructive and requires no sample 
preparation before analysis. The measurement is quick and 
simple and online monitoiiiig can be easily realized with 
computer control. 

• Fermentations tisc ionic culture ntedia. that is, high-conduc- 
tivitj^ aqueous solutions, Tlie indtiction probe can elittTiiiate 
the electrode polarization problem and can measure the 
permittivity with the requireil accuracy. 

• Tlie dielectric method counts only viable cells. Dead cells 
with plasma membranes that aie lealcy"^ to ions aie not polar- 
ized and are not cotmted. The method is insensitive to tiu'bid 
and colored cultiu^c media and carbon dioxide bubbles. 

Fig. 15 shows the relative permittivity change in beer fer- 
mentation at 12^0. Tlie dielectric online monitoring of beer 
femientatioti has succeeded only when the electrodeless 
method was used. The measuremeiilis were made a1 frequen- 
cies between 0.1 MHz anti 3 A MHz. The increjise in permit- 
tivity up to Bi) hours is because of the increase in ceil con- 
centration and the Increase in cell volume. Tlie undulating 
curves at low fretjuencies found at. the early stage of the 



Applications 

There aie nvdny researchers using dielectric spectroscopy to 
evaluate coUoids. Examples include water-in-oil and oil-in- 
water emulsionst microcapsule suspensions, biomass moni- 
toring in fermentation* and liposomes. The relations between 
colloidal stnictures and dielectric relaxations catt be ex- 
pressed as eqtiations- By tnejtsuring the dielectric properties, 
the researcher's ho^je to meastire the stmcture, geometry, and 
dimensions of disperseti substances in detail and quatilita- 
tiveJy, We expect that the HP F15050 probe will help make 
such research practical and eftlcieru by eliminating elec- 
trode polari^sation. We will demonstrate two exatnples of its 
application. 

The first example is liquid car wax. Wax is a water-in-oil 
colloid tiiat has dielectric relaxation chardcteristics. Fig. IS 
shows the relative pemiiltivity and conductivity for six sam- 
ples of wax- Tiie smtiples can be classified into three types 
of colloitlal struct lu PS l)ased on their relaxation curv^t^. 
Noisy data was fjbtalntHi for low conductivities. It niiglit be 
more stii table to use tin* metitl electrode utethod for low 
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Fig. 14. ReliJiiiv(' pr^nnitiivity (at -JUO kHx) as a futietion of yeast 
t'OjueiiLraliun in fertnentinA beer 
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Fig, 15» PenniLJivity changes in beer fernientation (courtesy of 
T Yonn^^WtX, SmiLorv' Ltd.). 

fermentation are caused by highly synchronized yeast 
growth*^ The data can reveal not only the cell concentration 
hii( also infonnation about ceU shape, the plasma, and the 
tiiemijftuve that is useful to chcniists and bioloj^ists, 

Siinimaj-y 

Quanlitative infoiTnation about the structure of colloidal 
dispersior)S can be obtained from the frequency characteris- 
tics of their dielectric properties. The practical realiziilioii of 
dielec^tric- 8i>ectroscc)py represeiit^s a lu^jor contribution !o 
the study of tiie stabilization of dispersitin systems aiid 
product qualitj'^ contiol. Because it Ls nondestntctive, dielec- 
tric spectroscopy is also suitable for characterizing Uving 
biological cells. 

Trathtionally, permittivity or conducthdiy measurements 
have t>een made with fiarallel metal electrodes. However, 
for coiuluctive colloids, it is difficult to get enough measure- 
ment accuracy in practice because this method has laige 
measuremenr errors caused by electrode polarization. 



Electrode polaiiication can be eliminated by using an induc- 
tion metirod, but pemiittivity niea.*5urement is still extremely 
tlelicate. In tnany situations of aqtieous colloid spectroscopy, 
the permit I ivity is a rtiinor pan. of the attmittance in compari- 
son with lite eonductivityt so precise itui^asurements are 
required. We have developed a suitable probe structiu'e and 
some correction methods tV>r aqtreous colloids. Tfie stiiic- 
ture realizes the low residuiii admit t<ince rec^uiied for accu- 
rate pennitt ivity measurements and also generates tiie bal- 
tutcetl fiekl tliat is tiecessary to solve ground-loop pioblems. 
The corrections make it possible to extract the small capaci- 
tive component accurately from an almost entirely conduc- 
tive admittance. 

Ackno wl ed gmeiits 

'lite author would like to thank Tkkeshi Yonezawa, who is the 
fermentalion specialist at Suntoiy Ltd. His apptication and 
advice triggered us to create the i)rftbe. fie also perfomietl 
many experiuients for us artd puhbslved tmijers. The auttior 
would also like to thank Dn Koji Asami. who is an associate 
professor at Kyoto I riiversity and has been studying applica- 
tions of dielfctric spectroscopy for many yeais. Much infor- 
mation about 1 he applications and some suppoit aiticles were 
contjibuted by him. Thanks to Steve Siano for his evaluation 
of the protie and application development, Markus Jansons 
and Naohiko Koy^uiagi for their efforts on market researcii 
and product defmilion, m\6 the entire management team for 
tiieii" patience ^uid support durijig development, Tlie author 
would also like to thank JE(i)L Creative Co., Ltd, They real- 
ized the complex shielding stnrcture of the pror>e. 

References 

L BX\ Bee the mu] W.L. Hunt, *' A Visual Eivgineeiing EnvTronnient 

for 'fest Software Development," Hetvletl-Packaixi Journal, Vol. 43, 

no, 5, October 1992, pp. - . 

2, K, A-^xitii, EmUmtitm ofCoUQids by Dirfcr f rir Sperf rf}:^ropi/, 

HP AppUcatjon Note -180-3. 

'L }L Asarni and T. Yonezawa, ''Dielectnc heha\1or of nonspheriiil 

cells in culture, " Biockimi^a et Biophy^ica Ackir Vol. 1245^ 1995^ 

pp. 317-324 



44 April \mi HewIett-P^ckanJ Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



Emulating ATM Network Impairments 
in the Laboratory 

This article discusses a new product for the HP Broadband Series Test 
System. The HP E4219 ATM network impairment ernulator allows 
telecommunication network and equipment manufacturers to emulate 
an Asynchronous Transfer Mode network m the taboratory, 

by Robert W. Dmitroca, Susan G. Gibson, IVevor R, Hill, Lulsa Mola Morales, 
and Chang Tean Ong 



ATM (Asynchronous Transfer Mode) is a new networking 
technology that is currently being deployed for tmie-senslUve 
traffic in high-speed local and wide area networks. Infomm- 
tion is encoded into short, fixed-length cells of 53 bytes, 
consisUng of 48 b>tes of pay load and five bytes of header, 
as illustrated in Fig. 1. 

An ATM connection can have multiple virtual connections 
because of a two-part address field in the cell's header — the 
VPi (\irtual path indicator) and the VCI (virtual chatmel 
indicator). These fields identify the channel to which the 
cell belongs and consequently the quality of service it v^dll 
receive. 

ATM has many advantages over other existing networking 
teclmologies. such as Frame Relay an(^l SMDS. Irs short, 
fixefl-length ceil allows switches and multiplexer to route 
data directly iit harciware, as oppose<i to tiie slower, soflivare- 
driven at>prtjarh rpfpiired with varialjk»-length packets. ATM^s 
bandwidth-t>n-<lemaiul feature means that a single network 
can carry all tyt>es of traffic — voice, vidt^o. image, and data. 
In sunmiary, ATM is an efficient, Oodble technology with the 
ability to support multimedia traffic* at extremely iiigii rates. 

Since ATM net;work implementation is still in its preUminary 
stages, e(|iJipmenl manufacturers and senlce providers have 
a treniendous need for test solutions — in particular, a way to 
emulate ATM networks in tiie laboratory so that services 
and equipment can be tested before deployment The HP 
Communications Measiu:ements Division (CMD) has identi- 
fied Xhiw. maijor benefits thai ATM network enuilation can 
provide: risk reduction, design veiifi cation, and robustness. 



Header 



l^aylead 



GFC 
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48 bytes 



B TG 3 

Humbef of Bits 

GFC ? Qeeef if;: Ftaw Cantrol 
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Risk Reduction. FuJl deployment of any network is a v^ery 
expensive pn>position. especially since some planned net- 
works aj'e national in size. Even Lf a network is available to 
test, creating maxinmm delays or errors is difficult since 
these impairments occm^ only under congested or abnormal 
conditions. Network providers can use enuilation to test 
their networks in a well-controUed environment 

Design Verification. Riumuig time-sensitive voice and video 
data over a packet-switcliing network such as ATM is an 
active area of research. Because ATM networks have in- 
herent delays, encoders must be able to handle botli vari- 
able and fixed delays gracefully. Network emulation allows 
equipment vendors such as encoder manufacturers to verify 
tlieii* designs in tiie laboratory in a relatively inexpensive way, 

Robustness. Network equipment manufacturei-s also need to 
confirm that their algorithms and desigits work mider stress. 
For exajiiple, s*nne early ATM switc!ies had buffers smaller 
than a single TC'1*/1P datagram. \Mien they used AAL-^> (tht^ 
ATM adaplatiun layer protocol selected to c;uiy TCP/IP tlata- 
grarns); the buffers overflowed and dropped cells. Because 
AAlrf-5 employs a high-layer, end-to-end error correction 
scheme, the AA1^5 packets could not be reconstructed and 
consecjuently the TCP/IP datagiams were also iost- Altntjst 
no data tlmiughput orcunx^d even when error rates were 
low. NetW'Ork emulation detects these kinds of unexpected 
behaviors before they become costly nustakes. 

Development Partner 

Because CMD develops state-of-the-art test equipment for 
emerging teleeonunmiication technologies, short develop- 
ment times are crucial. When CMD numagemenl made the 
decision to develop a network emulation nUKluIe, it 
became clear that we would need a de\ elupment partner 
viitli more experience in this area if we were going to ship 
on time. 

We were very fortunate to find tlia! Telefonica hivestigaci6n y 
Desarrollo (TI+D) in Madritl, Spiiin hail i)revi()iBiy conducted 
research iri network enuilation and was willing to cooperate 
witii tis to turn tlieir researcJi into a man uf act arable product. 



Fig. 1. ATM cell fomiat Cuser-lietwork interface). 
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TI+D is the rps<?aiTh ai>d development arm of Spam*s national 
telephone system. 

TI+D had developed a network emulaior tliat showed some 
promise as a commercial product. However, the modules 
impaimient specifi<^a1ions were not quite right for two rea- 
sons: the module was flesigneti to inter face to a proprietary 
TI+D line interface, and it was not designed to i>e manufac- 
tured in volume. However, we were confident that we could 
use die basic teclmologj^ of tlus board and redesign it to work 
in the HP Broad baiid Series Test System. Development of 
the HP Fv4219A network impaimient eiuulator began in the 
fall of 1094, 



Network Impairment ] 
T^ic IIP Bnjaclband Series Test System (BSTS) is a compre- 
hensive platform for testing tiigh-speed local and wide area 
networks. Designed primarily for laboi^atory research antl 
early network deployment, the BSTS consists of a V^XIbus 
mainframe, an HP-UX'*" controller, betweeu one and 12 spe- 
cialized ^IQbiis modules for different physical interiuces and 
convergence layers, and a variety of sofl ware applications 
lor testing ATM, SMDS. Frame Relay, and otlier protoc.'ols. 

Fig. 2 is a block diagiam of the BSTS with three VXIbus 
modules — the minunum required when testing with the net- 
work impairment emulator Tlie modules iJi Fig. 2 aie as 
follows: 

The HP-tTX controller, a l^NIX - -operating-system -based 
X Wmdtjws controller, provides the instnuuent. interface 
(GUI and keyboard) and controls all other modules %ia the 
\Oabus. 

The netw^ork impairment emulator in sens user-st>e€iried 
impairments on selected ATM traffic. The network imt^air- 
ment emulator is a imidirectional ]3roduct. Two network 
impairment emulators and two hue interfaces are required 
to insert intpaimients in both directions- 
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Fig, 2, DiagraiTi of the HP 75000 Broadband Series Test S>^iem 
wnh network impairment eitiiilaton 



* T!te line interface provides the nieiins l\v whieh the f^STS 
ooruiFC'ts to a line. In nontial operation^ the lijie interface is 
placed in the middle of a link. ATM traffic is received by ti^e 
line interface, passed through the network impairment emu- 
lator, iheri placed back on the line by tlie line iiUerface. A 
vajiety of line interfaces work with the rtetwork impaimient 
ennilator, ranging from Tl to SONET OC-3. 

The netw^ork impairment emulator connects to a line inter- 
face through an HP proprietary cell bus implemented with 
VXIbus LBL'S connections. Using the HP-UX controller, a 
user can iiiserl into an ATM line a series of impairments that 
fall into two basic categories: delays and errors. 

Delays. Inlierent delays aie a norm^il part of the operation of 
any network, ATM netw^orks being no exception. Although 
delay is not especially critical for data conununieations 
apphcations, \ideo and voice are highly sensitive to jitter, or 
vtuiable delay Smce one of the most important commercial 
uses of ATM technology will be the transpoil of digital 
MPEG -2 encoded video, the network impairment emulator 
enables equipment nianufactiuers such iiB encoder und set- 
top box designers to verify their designs before they are 
deployed. 

Errors- All network transmissions are subject to errors caused 
by thermal noise, switching equipment, hghtning strikes, 
magnetic fields, interference by other chamiels, ^md rntmy 
other phenomen^L The netwx>rk inipainuent emulator can 
ii^ject errors into a line to sinmlate tltese kinds oJ' net work 
inalfiinctions. This enaliles service providers to ensure that 
higher-layer transport protocols can detect errors and restai"t 
traitsniissions. to verify that acceptable throughput can be 
achieved mider woi'st-case error levels, and to detennine the 
w^f>rst-case enor rate before video and voice degradation 
become an issue. 

Emulator Design 

Tlie netw^ork impairment emulator offers five impairments: 
ceU delay variation {(.T)\0, constant cell delay, cell error, cell 
loss, and ceU misinsertion. 

As illustrated in the emulator block fhagi'am. Fig. 3, cells 
flow^ from the cell bus, through the impairments, and back to 
the cell ims. Impairment modules can impair all or a portion 
of the Al^M cell stream. 

The cell bus interface takes ceUs from tlie ^'drop" side of the 
fuur-bit ECL cell bus and convTrts them into eight-bit TfL 
signals. It also receives cells froju tile last impainnent m the 
chain m\d places Oiem back onto the "add" side of the cell 
bus, DTI7..0J are the eight signal lines, CS is a cell start indica- 
tor, w hieli goes active at the start of a cell, and EC is tlie 
empty cell indicator, which indicates whether the cell con- 
tains valid data. 

The VXIbus is used to control the logic of each impaimient 
module. Tlie \TCIbus controller sets up impairments as re- 
quested by the user. 

The network impairment emulator mimics variotis network 
conditions by inseiling lmi>auinents onto a line biLsed on a 
user-tiefined statistical distribution. The nelw ork impainneni 
emulator s statistical information is contained witliin tlie 
distHbution tables, which hold either normal, binomial. 
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exponential, geometric, deterministic, or user-defined dis- 
tributions. All distributions are user-selectable. Inside the 
statisticai distribution generator block are pseudorandom 
number generators thai: determine the time interv^als 
between impairment events. 

Constant Cell Delay Module 

The coiLstaiu cell delay module can delay all or a selected 
portion of the ATM cell stream by a fixed araotmt, rajiging 
from one to 79,137 ceD times. This means diat an OC-3 link 
with a rate of 155.52 Mbits/s will have a maxunum delay of 
22t) ms, approximately the delay of one satellite hop, 

As illustrated in Fig. 4, cells first enter tlie write block, 
which determines whether they match the user-specified 
filter. Delayed (matchmg) ceUs are then written to the con- 
stant delay RAJVI, and nondelayed (nonmatching) cells are 
written to die to the null delay FIFO. 

The constant delay RAM Ls divided into four IM-byte blocks 
Qsmg 10-bit bytes. For each byte, eight bits store tlie ATM 
cell data ( DTI7..0J), one bit stores the empty cell inchcator 
(EC), and the last bk stores the cell start indicator (CS). As 
delayed cells enter the module they are written in sequential 
order into RAM. 

The constant cell delay module is very straighiforwaid. The 
write block writes ATM cells (as each is received from the 
cell bus) to the constant delay RAM. The read block reads 
from memory locations some increment hehmd where the 
wTite block is writing, and places die ceUs foimd there back 
on the cell bus for transmission. Tlius, each ATM cell stays 
in die constant delay RAM a specified period of time before 







Fig, 4* Block diagram of the constant cell delaj' module. 



Fig, 3. BIcsck diagram of the HP 
E4'119A network impairment 
emulaton 



it is transmitted. This period of time is an Integer multiple of 
die dme required to transmit one cell, and is specified by the 
user. 

Cell Delay Variation Module 

The cell delay variation module emulates cell buffering, net- 
work congestion, and multiplexijig delays in ATM netivorks 
by varying the amount of delay appUed to cells, Dependuig 
on the hue rate, maxiniiuu delays can range from 2.62 ms 
(with a 155-Mbit/s SONET/SDH line interface) to 220 ms 
(with a 1, 544-Mb it^s Tl line interface). Each cell in the 
streaEU is given a different amount of delay. A critical feature 
is that in an ATM network, cell sequence mtegrity is guaran- 
teed. This posed a technically interesting problem, since 
simply delaying eae!i cell to create the desired statistical 
distribution would put cells out of st^quence. This problem 
was solved by the use of a Markov chain model, which is 
illustrated in Fig. 5. 

The network inipairtnent emulator's cell delay vaiiation 
impairment module is implemented as a buth-death Markov 
process. '■" Each matching cell (a cell whose header values 
match a user-specified fUter ) is delayed by a specifjed 
anioimt. This amount is detemimed by the current state of 
the Markov chain. For cxiunple. a matching cell entering 
die cell delay variation module when the Markov chain is in 
state i will imdergo a delay of i cell time intervals. To pre- 
serve the ceD sequence integrity, tlie state of Uie Markov 
chain cannot be changed until the arrival of a nonmatching 
ceil (which includes idle or unassigned cells). On the anival 
of each nonmatching cell, random nimiber generators are 
used to determine wiiether the Markov chain remains in the 
same state or changes to a higher or lower state. 
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Fig, 5. Bijth -death Markov chain modpL 'Tim \\ and \i\ are hinh and 
deatli rates. 
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Consider the cell sequence MjNiN2....NjtM2 which ariives at 
the network impaimient emulator when the Markov chain is 
in state ii. Mj aiifi Nj denote the jih matching and nonniatch- 
ing cells in the sequence, respectively. Furlhemiore, let Dj 
denote the delay associated witli the ith matching ceil and T 
be tiae cell inteniil time. Note that the value of D| is nT at 
the arrival tijue of M j and will chatige ro (j; - 1 )T at die 
arrival time cjf N^. The value of Di will continue to decrement 
and will be (n - k - 1)T at the arrival time of M^^ Nexi, con- 
sider the possible values of D^- Since the Markov chain can 
only change state at the anival of a nonmakhing ceil and 
there are k nonmatching cells between M[ and M^, D^ at the 
anival time of ceil M^ is l>ovjjitlcd by: 

(n - k)T < D2 < (n + k)T. 

Therefore, upon the arrival of cell M^, T)'j. is at least t>jie (ell 
intewal more than Di- Hence, cell sequence integrity Is pre- 
served. 

Tlie imp] em en tali on of the cell delay variation module using 
this process does impose some bounds on the delay of two 
consecutive matching cells. However, tliis constraint is not 
expected to he sLgnificant since actutil traffic <!ontlitions aie 
not likely to change gieatly. Furthermore, ATM links are 
typically high-capacity links and the load of each indi^iduid 
vinual chan 11(^1 is t^xpectetl lo lje smtdl relative to the overfill 
charitiel tapacity, Tliis implies I hat for actual network 
emulation, tlie perLejitage of nomnatching cells is expected 
to be much greater than the percentage of matching cells, 
theieby reducing the delay dependencies between eoiKsecu- 
tive matching t^elLs. 

The following show^s how the steady-state distribution of the 
Markov chain <'an \m used U> iinplenient tfic cell delay ^ aria- 
tion dLsttlbutioju Only the denvaliou of the binomial distribu- 
tion with parameters n and p will Ijc shown in detail, where 
n is the total number of independent trials (or, equivalently, 
tlie maximum number of celJ-time delays) and p tlie [jroba- 
l)iUty of deiay on iuiy single triaJ. Other distributions cmi be 
derived using the same technique by changing the birth rate 
Xj and death rate |Hi appropriately. 

Let Kj be the steady-state probability of being in stale i and 
let the t>irth and death rates he defined as: 

/., - (n - i)p 
Ui = i(l -1)). 

By How balai\ce t i.e,. tlie rate of uioviug h'oju state i io state 
i -Fl m tlie steady state inust be equal lo the jate of moving 
from state i -t 1 to state i): 

,^i+i(i + 1)(1 - p) = n:j(n " i)p. 

I0|ferefore, 

(n - i)p 



-^i-hi 



(i + 1)C1 - p) 



jij. 



By recmsive substitution, the steady-state probability of 
each state can be expressed in terms of jto as: 



. - COlr^) - 



Since the sum of the total steady-state probabiliries must be 
equal to 1. that is^ 



I-. = i. 



usuig equation (1). we can wvhi^ the steady-state probability 
of state zero as: 



-IC'Kr^)' = 



1 = 



JT,) = 



-71 - (1 - P)'- 



Using this expression for jto in equal ioti I, we have; 

TTi = ( i )pYl - pr-\ 

wliich is a binomial distribution with nieaji np and variance 
np(l-p). 

Iniplementation of the Ceil Delay Variation Module 

Givcit a jiai'tifuliu' distrihulion, one of tht* fii^st processes the 
jietwork imt>airn^ent emulator performs is to calculate the 
state transition tjrobabilities o[ the Markov chain. Ttiese 
probabihties tue determined by the biith and dcnih rates. 
The state in die Markov cliain will irureasi* if diert^ is a birth 
before a death. Conversely, the state will decrease if a death 
occurs before a birih. The time between transitions in state 
is exponentially distributed with mean l/(hi + \i[), Given 
that there is a clvmige tti state, the iraJisitifm probabihty is 
Xj/(Xi -f- fii) for an increase in state and f.ii/(/.| -h f.ij) for a de- 
crease in .state, respectively. These protiabilities. w liich are 
written i:ito the table memoiy are used togetlier with the 
random number generator to determine the next state of the 
Markov chain whenever a nonmatching cell arrives. 

Fig. 6 shows a simplified bloc k diagiam of the cell delay 
variation module. Each incoming cell is examined by the 
write block, then matching and nomnatching ceHs aie written 
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Fig, §. Bkjck diiigmni of the cell delay variation module. 
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Fig. 7, Bl<x^k diagram of a statis- 
tical tlistn^:tn.^!; e-nf^nitor 



lo ihe maichmg and nonniatchmg cell FIFOs respeerively. 
For i^nch nonniatching cell, the random number generator is 
used together with the table memory- to detemiine the new 
state of the Markov chain if a state change has occurred. For 
each matching cell the stale of the Marko\' chain is sent to 
niirror meniot>\ which acts as a conU'ol io tite read bUxk, 
indicating wliether to extract the next outgoing cell from the 
matchii\g or nonmatchhxg cell FIFO. 

Contention between the inatching and nonmatchlng cells 
may occin* at the read block, hi such cases, priority is given 
to \he matching cell, imd the nonniatching cell is tnuLsmrtled 
at the next availaijfe slot. Tills is dotte to presen e the cell 
delay variation distribution set by the user as closely as pos- 
sible. K there is no matching cell to send and the nonmatch- 
ing cell FTFO is empty, die read block generates im idle cell. 

Cell Error^ Loss, and Mismsertion Modules 

Becatist^ live cell error, loss, ajul misinsertitjn nK>dules have 
similar implementations, they will be described together. Ml 
impainnents for these modules use a statistical distribution 
generator ro create the specified cUstnliution, This modulo, 
illustrated m Fig. 7, contains tlu"ee pseudorandom genera- 
tors, all implemented using different polynomials to ensure 
that the pseudorandom pm cesses arc independent . 

TJie pseudoraridom number generator creates 12-bit num- 
bers with a cycle of 2^ '. Thc^ 4K-by-40-bit memory stores the 
statistical distribution (or more precisely, the cumulative 
<iistribution functionj, with the 40 bits representing the im- 
pmrment range of 10"'^ to 1(1 ~ ^". Tile sequence of events is 
as foilows: 

• The statistical dislril>ution is loadctl into RAM 

• The pseudorandom number generator generates an atklress, 

• The resulting data is latched and then loaded into the down 
counter. 

• The down counter decrements by one as eac^h eelJ whose 
header matches the tmpainnent filter transits the network 
i mpairme nt em nl ator, 

• When the down counter reaches zero, a flag is set to mforni 
the inipaument module tliat the next matching cell should 
be inipairtHl (cell loss and ceil error modules) or a roll shoulil 
be inserted into the stream (celt jiiLsinsertion mo<:lule). 

t The zero detector drives the pseudorandom number genera- 
tor to create a new number, and the process repeats. 

Fig. 8 shows the block diagram of the cell loss, error, and 
misinsertiori modulea Cells enter into a header selector. 
The fVlATCH indicator ^^i 1 1 liecoiiM^ active for eatrh cell flowing 
tlirougii the network impairment emulator providtMl tliat the 
user selects all cells to be iiniJaired. Otherwise, it willlie 
active only for selected channels. The MATCH inclicator goes 
to the statistical distribution module, 

C-ells pass tlirough the impairment nicKluii^ uniuii.>aired if the 
tJMSERT signal Ls not active. If the INSERT and MATCH signals 



are botii active, the cell will be errored, lost, or replaced by 
an empty cell. 

Both the cell error and the cell loss modules have the added 
capabihty of introducing bnrsts of mipairments. Tliese impair- 
ments are also specified as statistical disnibutions thiough 
the use of a simple probahilit>^ function. Tlie burst length 
ranges from one to four bits for the cell error module and 
from one to eight consecutive cells for the cell loss module* 
For example, if a user selects a burst length of fom" with a 
prot>ability of one for tiie ceU enor mcxlule, each occurrence 
of INSERT -1- MATCH will result in four consecutive errors. By 
way of furtlier illustration, setting the probability to 0J2n 
for each of the eight consecutive ceU loss events will result 
in 12.5% of the INSERT + t^ATCH events being of each length. 

The cell misinsertion module inserts cells into the AT*M 
stream by rejjlacing eiiipt>' cells with nonempty cells whose 
header (and a part of the payload) are defined by the user. 
As with the cell error and cell loss modules, the distribution 
of the inserted cells is defined by the statistical (Ustribution 
module. 

Implementation 

With the tiid of TUD engineei^, we conveitcd the design to 
meet HP's miuiufai luring standartb and then added circuity 
to interface to tlu> BSTS cell bus. The software contiollmg 
the TI+D network irnj>ainiient emulator was rewTitten and a 
new GUI created to make the Hewiett-Packard network im- 
pairment etntilator corn rot panel appear consistent with the 
rest of the BSTS products. 

The design work was carried out at two sites: Hewlett- 
Packard s fiicility in Vancouver, Canada and TI-f-D's facility in 
Madrid, Spain. To cocjrdinale the project iiiid to ensure a 
successful collaboration, we first visited Tl+D's site in Spain 
and outhneci the changes they would neetl lo make to their 
research hardware* We also specified the interface needed 
between their core ATM impaiiTnent logic and our cell bus 
interface. Once we both had completed om' designs, two 
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Fig. H. Vspneralmf'd Ijlock diagram nj i.lie relt loss, errur, and 
iiMSiiisr-rlioji rmxlules. 
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TI+D engineers traveled to our site in Vancouver to liejp us 
debug the design. 

Circuit Design 

The circuit design had to operate with line interface rates up 
to 155.52 Mbiis/s. Since ATM data is moved in bvlcs on Ihe 
CLTCuil board, die n^sulting system clock is 19, 1 MHz. This 
limitation In ck*ck .sj>eed and tiie need to inseil Impairnic^nts 
m real time prevented us from considering a microprocessor 
or DSP-l>ased design. Tlie entire network impairment emida- 
tor was implemented using ten large prugramnuible Ingic 
parts from Altera and Xilinx and a larg*^ number nl FIFOs, 
HAMs, and EC'L glue logic. For the .Altera designs we a.sed 
MAX+PLUS H soft ware to create a combination of schemai- 
i*:s aird text. We used Mentor's Design Architect for the Xi- 
hirx designs. 

Because ol' time constraints, the entire design v^ns nol simu- 
lated as a unit. We used either ^VltcraS M/\X+PLUS II or 
Mentors QuickSim II to sinuilatc t*ach individual program- 
mable de\1ce. The ECLrbased coll bus was simulated c*om- 
pleiely using QuickSim H. 

Although this worked reasonably well a few timing-related 
issues cropped up concerning timing margins between 
FIFOs, RAiMs, and tufigranimable logic |>ailH that took con- 
siderable effort to isolate and t-oiiect. hi hindsiglit, a more 
productive approach would be to simulate the progranuuable 
logic and related RAM components togethei", rather than 
jitiempdr^g to debug subtle eiTors in the lab. 

Applications 

The following are some t^ical tests users conduct with the 
network iinpaumenl emulator. 

Fig. 9 shows two ATM users cojunurnicating tluough a net- 
work that uses a satellite link. Delays from the satellite 
uphnk and dowTdink are relatively large and fairly constant. 
Cell delay variation caused by Ijuffcring at the ATM sw itches 
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Fig, 9. EniulatioR of a satellite link \vi\h thr- HP Broadband S^^rfes 
TesL Syslen\ and the HP E41^iyA network inipainiipni emuiaion 
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Fig. 10, iJf tern Lining acceptable quality of sendee iii a digital 
video system. 

is also likely, as are bit errors and cell loss. Users can emu- 
late all these in;painnents simultaneously with the network 
imjjaMTiient emulator ljy setting the appropriate paramelcrs 
and enabling the constani cell delay, variable i*ell tielay, cell 
error, and cell loss modules. 

Fig. 10 illustrates how the network impairhient eniulatbr 
can detennine the acce|Jtfd>le level ofquahty of senice in a 
video-on-demand application, hi (Iiis iesi setup. the\1deo 
server genei at es an MPEG-2 vi<ieo transpoit stream, which 
is then trajiKiJorted by tlie ATM network. At the receiver end, 
the sel-IO]) box decodes the MPEG'2 transpoil stream and 
displays the jjicrure on the monitor. (Jne of the most impor- 
iimi issues in MPEG-2 technology is the recovery of the sys-* 
tem clock. In the above scenario, video service prt)\ide!'S or 
set- top box mtmiifacturers would lie inleresled in ktuiwiiig 
how cell dela}^ variati{}n td'fci'ts the systenj cloi'k ret t>vei>' at 
the receiver eiuf Tlie network impairnient enuilalor's vari- 
able cell delay modide can help determine buffer size and 
other quality of service factors by increasing the standard 
deviation of the delay distribution until the display visibly 
degi'ades. 

Conclusion 

Hewlett 'Packard's tlurd-ijajiy collaboration with Telefonica 
Investigation y Desarrf^lo of Spaiii was highly successful. 
HP's underslajiding of the ATM market and pioduct com- 
mercialization combined with TI-fD's technical expertise m 
ATM networking were merged to produce the work! s fn^st 
155-Mbitys ATM network ennilator within the targeted mar- 
ket window. 
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A Message Handling System for 
B-ISDN User-Network Interface 
Signaling Test Software 

B-ISDN user-network interface signaling has many different protocol 
variants and each of them has tens of different types of messages. The 
message handling system provides a powerful tool for the developer to 
easily support these variants and messages in the HP Broadband Series 
Test System (BSTSl 

by Satoshi Naganawa and Hi chard Z* Zuo 



Over the pasi several years, as the "infomiation superhigh- 
way'' has gainerj the attention of mm\y fonntries and coni- 
mimication aetvvoik seivire pro\iflers. tlie focus of the 
Broadband Iiiregrated Services Digitai Network (13-ISDN ) 
iiidiistr^^ has shifted from pro\^ding transmission capabilities 
via Asj^nchronoiis Transfer Mode (ATM) to providing a vail- 
ety of B-ISDN network senices such as pnvare and public 
B-ISDN, switch ed \irtiiiil coimections, imd LAN emulation 
over ATM. Signaling plays a key role in realizing these ser- 
vices. The key fuuctiotis of signalhig are: 

• Call setup and dist'onnecilon 

• Negotiating and agreeing on quality of service (QoSJ 

• Providing accounting and charging information 

• Rosohlng internetwork and intranetwork routing 

• FaciliLating btLsic services and supplementary st^rvlces 

■ Identifying die occiineiice aiid c:ause of any network Of 
service failure. 

Signaling rnnsists of user-network inleiftirc ( l^Nl ) signaling, 
network-nodf interface (NNl) signaHug tor iniblic iit^twurks, 
and private network-node interface (PNNI) signaling for 
private uetworks. Tlie FNI is the bntmdary between a pri- 
vate or piii>lir nt^twiirk ^uitl Oie user equipuH^nt. 1 'ser equiji- 
inent can l>e a telephone, a computer, or video conference 
equipment as illustrated in Fig. I. 




Private Neiwnr)( 



^^ ATlfl Switch 




Fiii. 1. i'f^er'nelvvark iiiterfaci' (I 'Nl), network niKic ]nrerfac'<-" 
(NNl), and \wWaie network-node interfat:e (PNNI) signaling. 



T!ie Broadband ISDN liNI signaling test sofirware. HP 
E4214A, is a new atkhti<jn H> the HP Broadband Series Test 
System (BSTS), It is designed for Ri^I) euglneei's am:i net- 
work engineeii^ lo develop, rroubJeshoott and verify the fea- 
tures and functionality of I.'NI signaling. Fimdamental fea- 
tures of T±ke I'NI signalbig test sofi'v^'are are protocol message 
decoding and encoding. With decoding. tJie user c tin monitor 
the message transaction between the user ctiuipnteiit and an 
ATM switch. Willi encoding, the user can exec^ute a condition 
test sucli as constnKling a conecl or incorrect message aiid 
sending i\ to a swiich lo ajialyze the response, 

UNI Signatjng Standards 

As ATM emerges as tiie rniunstrcam lechnolo^ in the tele- 
communication network market, the stiindardization of l"NI 
signahng hsis been [jro^n^ssinj^ ai a very rapid pace tluring 
the last several years. 'Vwn nuyor sUuidurdi/^tiou orgiinim- 
tions — the Inlernatitjual Telerouiuumirations Hnion Tele- 
eonuntuiieations Slandardi^atitm Sei bjr (ITl-T) and the 
ATM Forum — created itieir I :N1 signalirvg stiuulards in an 
Interlocked way. In May 19SKK ITt'-T published its first draft 
recommendation Q.93BI to suppnil point-to-point ATM 
switched virtual coimec^tions. The ATM Forum adapted 
Q.93B to supjiott point-bj-multipoint connection enntrob 
variable-bit -rate connections, and the al)i]ity to sigiud riuality 
of ser\ice (QoS) on a per-caJl or per-comiection biisis. These 
enliancements were published in iJie ATM Forum UNI S.O 
sjiecification- in September VJM. Later, tlie rril-Tupflaleft 
Q.93B as Q.2931'* with some important eluuiges. Following 
those changes the ATM Forum also updated I^Nl :.ilj into 
UNI :J.l^ in Sepleniber J 994 In live meant hue, ihe ITU-T 
defined point -to-multipoint switched virtual connection 
features ajtd published its standard as Q.SQTT' iti Jitrie 1995, 
About half a year lator. the ATM Fr>rnm published UNI 4.0*^ 
to inronJ<Jrate Mie Ipaf-utitiated join capability and the avail- 
able t>il rate (ABR) scAice in Q2im and Q.2971. In acidition 
to the protocols promoted by the ITlJ-'f and the ATM Forum, 
sou>e countries and nelwurk senice providers also creakMl 
their own t'Nl si gti alii ig protocol vaiiimt.s. FrtMu this brief 
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UNI Signaling 

CALL PRO CEEOIJVG 
CONNECT 



CONNEa ACKNOmtOGE 



t^NI/PNNl Signalling 



UNI Signaling 





C/UL PROCEEOIfitG 
CONNECT 



CONNECT ACKNOWifpOE 



U$er EquijimeRt tlfJI 
[Call Source} 



Switch Switch 

Public/Private Network 



UNI User Equipmont 

(Call Destination) 



Fig- 2, Setting up a CQiuiection 
[>rsvveFni I wo u$er equipments 
\1ii signaling. ^ 



histoiy, it can be understood v^hy rhpre are many TNI signal- 
ing protocol variatns. I Jntioubiedly. niore %'axiatH.s will come 
soon to support more new features. 

In addition to ha\ing many different UNI signaling protocol 
variants, each variant has many different tyi^es of messages. 
A message is a protocol tlata unit (PDU) used hi a signaling 
protocol Each message can contain multiple information 
elenienl.s, called lEs. Some lEs must be contained in a par- 
tif nhir message ajid are referred n > as majidatf>ry H's. Some 
lEs aie optioiml for a particulai' message, and therefore will 
not always appear in that message type. For example, the 
IJNI '3.0 standard^ has 16 different t>pes of messages and 21 
different types of lEs. SETUP, CALL PROCEEDING, COWf^ECT. mid 
CONNECT ACKNOWLEDGE iire the messages for call establish- 
ment, as shown in Fig. 2. The other categories of messages 
are designed for call clearing, point -to-multipoint commimi- 
catlon, and other purposes. 

The situation described above created a challenge for HP's 
BSTS l^Nl signaling test software developers. TTtc^ softw^ai e 
needed to support maiw protocol variatu^s, with fwnuy i]\\Tvi- 
ent. types of messages cmd IRs in each variant, Simult^au'ously 
the R&D cycle time was much reduced. We realized that 
hard-eoding each message and IE for each protocol variant 
in the decoding and enc oding enguies w ouid tnake software 
mairitenance a niglitmare, would require the progi ammcr to 
change the decoduig ^md encoding engines w- he never adcUng 
a new^ protocol variatu, m\d wottld be of lirtle lielp 1o us in 
developing NNI and PNNI signaling test sofl:ware in the future. 



Message Handling System 

The nir.ssa(ir hatNtUug i^ystem was developed to solve this 
problem. The message hmidhng system: 

• Set>iu'ates the structure description of messages and lEs 
from the remainder of the softw^are 

• Specifies tbe strticture descriptions using a protocol-specifi- 
cation-like language in sepaiate scilpt files 

• C'omi)iies the script files to generate au object file 

• Reads the object file into a databiise and allows the other 
parts of the BSTS to access those messages and lEs through 
hbrary functions. 

Fig. Z depicts the architecture of the message handling 
system. 

The message handling system describes a signaling protocol 
in one or more text files by means of a script language called 
the Message Description Langtiage or MDL. A compiler con- 
verts the MDir script files into an object file by using the lex 
and yscc urilities provided by the UNIX'*' operating systeii\. 
Like most compilers, the MDL ctmipiler consists of a parser 
and a code generator. Tlte p^trser reads ;in MDL text file, 
checks the syntax, and then puts the iufonnation in an inter- 
nal data stnicture. The code generator generates an object 
file from the internal data structure. 

With ease of use its a toii priority, we designed the MDL as a 
simple protocol-specificatioii-Iike Iru^i^uage tliai allows a 
develtjper to easily translate a INI sign^ding protocol speci- 
ficatit^i into a script file. The .MDL is also generic cnouglt to 




MDLRIes 

MOl = Message Description Ungitage 
MSD = Message Slructure Database 
MHS = Message Handfing System 
BSTS = Broadband Series Tesi System 
PDU = Prntoc(>i Data Unit 



Massage StmciurA 
Database 



OlhfirpaftsDl Hie BSTS, 

such as playback 

vie wet PDU editor, 

etc. 



Fig. 3. Message hciiHlIiiig system 
ovi.^rview. 
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handle different types of messages and JEs used in different 

fXl signaling variants. In the future, such as when using ihe 
message handling sv'stem for NNI and PNNI signaling, only 
slight changes are needed in the MDL and its parser. 

Fig. 4 shows what the ^IBL looks like. This is a verj* simple 
and artificial exan^ple, but one that demonstrates some of 
the most important common characteristics of all types of 
messages- This example will also be used later to explain 
se\-eral interesting points in the message handling system 
stmcture database. The octet-fleid map with notations sho^Ti 
in Fig. 4a to describe a mess^e structure is a widely used 
style in the signaling specifications and is easily translated 
into an MDL script as shown in Fig. 4b. 

The message simciiue database object file sho^^Ti in Fig. '3 
is designed as a bmai>' disk file \'ersion of the message 
structure database. The disk file format lets us easily sepa- 
rate the MDL compOer from the message handling system 
library so that a compiler developer doesn't need specific 
knowledge about the other parts of the test softv^'are such as 
the decoding and encoding engines. Lnlike the MDL files, in 
w^hich the description for a single protocol can be separated 
into several source files if more con\'enient, alJ the inftirma- 
tion for a single protocol is put into a single message struc- 
ture database object file to make the run-time loading easier. 

The message handling system libraiy in Fig. 3 provides 
application ijrogrammuig interfaces (APIs J for the message 




n^ote 1 This octal shall be present if and only if field A indicates 0. 

ia) 

mess age examp 1 e 



{ 



name "Binipl_exfliriple" ,* 

octet 1 required { 

field Field_A[4] Fleld_A_Pnn? 

field Field, B [4] , [12, ,9] Field_B_PrTO; 
} 
octet 2 reqtuired { 

field Field_B[8] . [8. ,1] Field_^B Pmi; 
} 



octet 3 Note_l ( 

field Field .Ct8] 



Field_C_Prm; > 



rule Note_l { 

if (decode(Field_A) ^^ 0) { 

return required; 
} else { 

return absent; 
} 



(b! 



Fig, 4. A ver>* simple example of a Message Description Language 
(MDL) script, (a) The speciiicat.ion, (b) llie MDL script. 



handling system, Tbe other parts of the BSTS can access the 
protocol-specific infomiation stored in the message strac- 
ture database through the library functions, Fimctions are 
available toi 

• Initialize the message handling system library (this includes 
loading a message stmcttire database object file to generate 
a message structure database) 

• Decode a signaling PDl' 

• Construct a default signaling PDIT 

• Encode a signaling PDU, 

An example of using the message handling system library is 
displaying captured PDUs. After a signaling PDU is captured, 
a message handling system iibrar>^ fmiction is called to ex- 
tract the values for all fields by using the protocol knowledge 
stored in the message structure database. Another message 
handling system librai^^ function is called to convert those 
values into a proper text format. A playback viewer in tlie 
other parts of the BSTS can display the formatted decoded 
result on the screen. 

Anotlier example of using the message handling system 
library is construction of a signtiling PDL' by the user A 
PDU editor in the other parts of the BSTS calls a message 
handling system Ubraiy' function to create a PDU, which 
uses the most frequently used values as its default values, 
and shows the PDU on the screen. After the user makes any 
modifications to the PDU, the PDU editor caUs another li- 
brary function to put each field value in proper bit and byte 
order in an octet stream, as described by the protocol specifi- 
cation, to construct a new signaling PDU. During the interac- 
tion, tlie appearance of the user interface can change with 
the user's input* These dynamic changes are also controlled 
by message handling system library functions described 
later. 

Message Structure Database 

The message structure database shown in BUg, 3 is generated 
in the appUcation memory st>ace after a message stmcture 
database object file is loaded by the message hantiling sys- 
tem library, The message handling system library' cait load 
several different message structure dataliase object files to 
generate several different message structure databases wltliin 
Hie same ai)plication. This allows the user to use several 
difterent protocols simultaneously* 

The message structm'e database is a set of data structures 
that define the stmcture of a PDU and give infonuation 
about how to decode, encode, and construct a PDU. The 
message stmcture database is the core of the message han- 
dling system, imd it is generic enough to support not only 
UNI sLgnalii^g but also NNI and PNNI sigjialing. The key 
points in successftdly building the message st-mcture data- 
base are to correctly analyze ttie c^onmiort retjuirements to 
express different types of messages and lEs, and to design 
proper data strucuues to meet these requirements. Some 
important requirements are: 

• Mapping aji octet fomiat of a PDU into a field format or vice 
versa 

• Handling field dependencies 

• Handling predefined values Ifjr parametei's 

• Automatic inclusion of mandatot^' lEs ajtd optional lEs 
selected by the user 

• Automatic calculation of message length. 
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Octet Tabte 



Wlspping Tablo 



Field Tatjle 




Fig. i. Mappirtg Lhe octet format into the field fonriat. 

In the remainder of this section, the mapping and handling 
field dependencies are used as examples to show in detail 
what these general requirements entail and how the message 
stnirtme database meets tliem. 

The bit streaiTi in a PDU can be interpreted into either an 
octet format or a field format. A single octet can contain 
part of a field or one or more fields, and in turn, a single 
field can span part of an octet or one or more octets as 
shown in Fig. 4a. The octet format is usually used in general 
computing, such as computing the length of a PDl". The field 
fonnat is more significant when ttie tiser is only concerned 
with the value of a field but not T?^ath the field's bit position. 
In most cases, such as when decoding or encoding a PDU, 
both formats are important. Implementation requires three 
tables — ^the octet, field, and mapping tables — ^for each mes- 
sage in the message structure tiatabase. Pig. b shows how 
to map the octet format into Lhe field fonnat using dtese 
three tables for the example displayed in Fig. 4. Each ele- 
ment in the n^apping table is defined by tlie data structure 

mhs_rnsd_,map_r shov^^> iti Fig. 6a. The definitions of tiie vari- 
ables in mhs_msd_map_r are explained in Fig. 6b by showing 



Field A 
Field B 
FidtiC 


^^ 



When field A = OJieldCis 
required f sensitive}. 



Field A 
Field B 
ReldC 
Whafi field A ^ Q, field C ii abseiiL 




Fig, 7, An example of field dependency. 

how map b in Fig. 5 maps the second part of octet 1 with the 
first part of field B. 

In a signaling ntessage, modifying the value of a field can 
chanj^e Lhe definitions or values of other fields. Tliis is cailetl 
a field dependency. Usually the effect of the field dependency 
needs to be Inteipreted in real time. For the example shown 
in Fig. 4, Note 1 indicates that field C is present when the 
value of field A is equal to 0. and is absent othei'wise. There- 
fore, on lhe user interface of a PDU editor, the sejtsilivlf]/ of 
field C should be changed with the value of field A in real 
time as indicated by Fig. 7. 

The message handling system internal mterpreter was devel- 
oped to handle field dependencies. The internal interpreter 
includes two parts: an internal interpreter table for each 
message in the message strticture database to store lhe field 
dei>endency descriptions, and an internal interiJreter engine, 
numing a simple and small sLack-otiented language, to inter- 
pret these descriptions in real lime. Fig. 8 shows how tjie 
internal interpreter works in this example. 



type de f struct 
{ 

unaigned int: pos_octet; 

unsigned int pos_field,' 

unsigned int map_id„octet; 

unsigned iut map_id_ field; 

unsigned int size? 

struct octet_struct *octet; 

struct field_struct * fie Id; 
} mhs _ms d_iiiap_r t 



{9\ 



Maj] b 



posoctet = 4 



pus. field :== \2 



nia|i_id_Dclfit = 1 



map_id_fielil = 



size = 4|bJl£) 



Dctel ^ <a p«inler> 



fieltji = <a painte(.> 




Octet 1 



Field B 



Fig. 6. The mapping dsta struc- 
\\ire and an exampU^ (a) The 
data stnicture for a map element, 
(b) Detail of map b m Pig. 5. 
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rule Mote_l { 

if (decode (Field_A J =^ OJ { 

return required; 
> else i 

return abseiit? 
J 
} 



\3\ 



typedef stmct 

i 

coiiimands_e 
uns igned lot 
unsigned int 

} iflh Q _ii!Li i_c Qde_ r ; 



typedef enum 

{ 
cQimnaiid; required = 0, 

valuel; optional = 1, 

value2f absent = 2 

} inc lus i oti_ type_e j 



MM Table 




falock[0] 



Connnanti I Value 1 || Value I Contmcms 



Ifiifex fff lield A is 0. 




pusti 







\ 


ts tht (^nlenon for 
decode (Field^Al 


eq 


^^ 






push 


1 


^^^ 


Index of lilocMll 


push 


2 


^^\^ 


mett>lh\Dck{2\ 


it 









Pii$h in 0. 



Pop fiui a^ the field 
index. Decode 
1idd[0)and pti^h in 
the resuh, Suppose 
it is 7. 



Pu^ in 0. 



Pop up the lap twe 

numbers. Pusit in 

I he compared 

BooJean result Push in t. 



hlDCl([1j 



Cemmand VaJue 1 


Value 2 


Caminenls 


^^^^1^ 




\.^^ 


indicates required 


btockrz! 


Comma nd Value 1 


Value 2 


Cemnnenls 



2 indii^ates absent 



ftish in Z. 



Pofi out 1 he first three 
numbers. If the third 
number is 0, execute the 
block mdexed by ihe firsi 
number. Push in 2. 



Pop out the first 
number as the 
reitirn value. 
2 means absent 
here. 




(c) 



Stack 



Fig. 8. Ail exaiitple for the message haiidiing system int(*nial interpreter, (a) The MDL script, (b) The itiLemal interpreter data stnicture 
m the strnrnire database?, (v.) How itti* internal mten^r^ter engine wnrks. 



The MDIj compiler fonvert.s the field ciependeiicy description 
from iJie MDL scri|>t shown in Fig. 8a into aii internal inter- 
preter table incUcaled by Fig. 8b. hi this case, \\w intemal 
interpreter table consists of tiiree blocks of internal inter- 
preter codes. Block[0] indicates how to evaluate the expres- 
sion in the if(expressionl statement, Bloc'k[l] will be executed 
if I lie expression i^5 inie aiid blori<[2) \%ill be exec ti ted other- 
v^lse. Eat h block rontaiiis a sequence of intemal int erfJret.er 
code. BifK'kjO] c*>ntams multiple lines of intemid inter^jreter 
code, while biock[lI and block[2I each contain only a single 
line, A line of mtemaJ interpreter ("ode is tlefinetl liy the stxnc- 
Une mhs_mii_code_r, whicfi contains a conminnd and its corre- 
sponding values if apphcable. For example, tJie command 



push has only a single applicable value located in vahie 1, 
The comment coltmuis in eacti block give tlie explanation of 
the values used in each line. 

Wien the user chai^ges tlie value of field A from to 7, the 
mtema! inteiTjreter engine is called to execut e the codes 
started &om block[01 ro evaluate the expression (decode(Fie!d_A) 
'= 0) as shown in Fig. 8c. The expression is not true in this 
case, since the value of field A is 7. atiti therefore biock[2) is 
executed. The absent value, which is flelined as 2 in the data 
s tincture irclusion,tVpe_e, is returned as the last restilt of tule 
Note 1 (Fig, 4a), This makes the PDl • ethtor appropnately 
change Held C from sensitive (required) to insensitive 
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(absent) to meet the real -time interpreting requirement indi- 
cated by Fig. 7. 

Results 

Using the message handling system to add a new I.'NI signal- 
ing protocol variant, the only work that a developer needs to 
do is to create a script file, hi the script files the developer 
can easily describe the messages in the variant by using the 
protocol-specificarion-like language. Tlie message handling 
system hooks the script file into the other parts of tlie BSTS 
automatically, uses the protocol-related knowledge to de- 
code and encode PDUs, and produces the desired results. 

In this section, the organization of the general message and 
one of its instances, the SETUP ntessage, are used as examples 
to demonstrate the MIJL script and the results provided by 
the BSTS, The SETUP message is one of the most mtportant 
types of messages used in I'NI signaling since it carries all 
the information for requesting a connection between two 



genera I mesa age Meaaa.ge 
{ 

octet 1 

octet 6 required { 

/* this octet ie required by the 

speci f icat ion * / 

field MeeaageType [8] MessageType = 5; 
/* MessageType is the variable najite* 
[8] indicates the width is 8 bits 
and value 5 (SETUP) is the default 
value */ 



octet 9 



(a| 



Proiocol OJsorimiitaifir 



I Lengih ol CntI Reference Value 
(in Octets) 



Dm 1 1 Refer encB value 



Call RufereneD Value {Ccrtlinued) 



Message Type 



Message Type tCDnliiiueil) 



Me&sage Ungtli 



Mes^ge L#i)grh IContJniiodt 



Vafiabte Length li^rarmaiiciii EJemeiits as Required 



Dcttis 
1 



3 
4 
5 
6 
7 
8 
etc. 



ia] 



message SETUP 
{ 



id ObO 0000101? 

/* binary identifier for SETUP nieseage */ 

AALParam both optional; 

/* both directions are optional */ 

ATKCellRate both mandatory ; 

/+ both directions are mandatory */ 

BBearerCap both mandatory; 



CalledNum 
QosParam 



both mandatory; 
both mandatory; 



m 



t 

" T r 1 



t 1 1 1 

D 1 1 



Call Eslabfishment Messages 
CALi PRQC€ED(NG 



COhlNE£T ACKNOWLIDGE 



(b) 



Monnalion Element 


Oirecliun 


Tvpe 


AAl Parameters 


Both 


Optional 


ATM User Cell Rale 


Bfith 


Maftdaiary 


Bfoaifband Bearer CapabilJly 


Both 


Mairdaivrv 








Call Party Number 


Both 


Mandalorv 


QoS ParaniGier 


Both 


Maiufatary 









Fig. 9* General message organization and SETUP message specifica- 
tioiL^ (a) general message orgaiiizatioTi. (b) Predefined vaJues for 

message types, (c) IE in elusion of the SETUP message. 



Fig, 10, MDL scripts, (a) Part of the MDL script for the general 
message organization, (b) Part of the MDL script for the SETUP 
message. 

user equipments. Fig. 9 shows parts of the protocol specifi- 
cation from IjNI 3.0.^ Fig. 10 is the coixespondiiig MDL 
script. 

Fig. 9a is tlie simplified de tin it ion of the general message 
organization. Wlien the %^aliie of octet 6 Ls equal to 5 (l^niary 
vahie 00000101). the message type is defmed as SETUP as 
illnsti'ated in Fig. Ob. Fig. 9c depicts the IE inckision for the 
SETUP message. The "Direction" column mdicates whether 
an IE is used in the tiser-to-network direction, tlie network- 
to-nser direction, or both. 

Fig, 10 shows two segments of the MDL script with C-style 
comments. Fig. 10a corresponds to the specification of the 
general message organization shown m Fig. 9a and Fig. lOb 
is the translation for Fig. 9b and Fig, 9c. 

Fig. 11 shows the user interface of a UNI signahng PDLt 
editor provided by die BSTS after it hooks mto the message 
handling system. As defined by the specification showii In 
Fig. 9a and translated by the MDL script showTi in Fig. 10a, 
a message includes tiie following major paiis: 
• Protocol discriminator 
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SETUP f^*" ^"*° 




Message Type Type 5 





Flag not stgnifkanl; exptfcit 
Actiiiri Indk^ef q cA^ai edit 



Mess4g& Length 30 



Aufto 



Inlorrnacton EbRierrts ATM Traflk Descr^tor 

Broadband Bearer Cjapability 
Called Party Nijmbei 
Oualftv of Service Parameter 



OK 




CONNECT 

CONNECT ACKNOWl£D€t 

SETW 

RELEASE COMPLETE 
RESTART 

STATUS 

STATUS ENQUIRY 

AOO PARTY 

AOD PARTY ACKNOWLEDGE 

ADO PARTY BEJECI 

mOf PARTV 

DROP PARTY ACKNOWLEDGE 

Other 



Fig. 1 1. 1/siiig the PDU editar to construct a SETUP message. 



' Call reference 
Message type 
Message length 
Info miat ion elements, as required. 

From tlie option menu m the Message Type item, the user can 
select any type message to edit. For the selected tjpe, the 
Type text field automatically displays the corresponding digital 
vtdue iind the Information Efemeots list shows all the man da to r>' 
lEs. In this example, the message has been inleriiretetl as a 
SETUP message (value 5) aiid four rnandatc.jr>' lEs ha\'e been 
listed according to the MDL script in Fig, 101). T\\e user can 



also edit an IE by clicking the Edit button and add optional 
EEs hy clicking the Append button. 

A PDU is coiTstnirled by cbckiiig the OK or Apply button. All 
the field values specified by the user are put in proper bit 
and byte positions according to the description of the MDL 
script. 

Tsing the BSTS playback \Tewei; Fig. 12 shows the decoding 
result of tJie constructed message m tliis exiutiple. Fig. VS 
illustrates the hexadecimal foiTiiat of the message, In Fig. 12, 
the window contents are in two paits: the message header, 
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f— This actet defines the message typfl. 

09 03 00 00 00 05; SO 00 IF 39 80 00 OB 84 00 03 
ES 85 00 03 Ea 5E 80 00 03 10 80 80 70 80 00 02 
B2 00 5C EO 00 02 00 00 



Fig. 13. The hexadecimal format of a message. 

which includes the first nine octets in the general message 
organization, and part of the first contained IE, tlie ATM 
user cell rate. Notice that the value of octet 6 in the message 
header is 00000101 in binary, which is interiJreted as SETUP 
according to the MDL script shown in Fig. 10b. With this 
decoding result, the user can easUy monitor the transaction 
between the user equipment and an ATM switch. 

Summary 

The message handling system pro\ides a powerful tool for 
developers to handle many UNI signaling protocol variants 
and also many different types of messages and lEs used in 
each variant. The message handling system significantly 
improves the maintiunability, extensibility, and flexibility of 
ih^. UNT signaling test software. Because there are a iot of 
similarities between UNI signaling protocols and NN I/PNNI 
signahng protocols, it would be possible to reuse tlie messiige 
handluig system were we to add XNI and PNNI signaling test 
software to the BSTS in the future. Tlie message handling 
system enables HP to keep its competitive position in the 
signaling test software field, in which old protocols are con- 
stantly updated and new protocols are constantly emerging. 
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Object-Oriented Network Management 
Development 

As networks continue to proliferate, the need to develop and deploy 
network management applications has become a critical issue. Two 
software development tools are described that allow developers to create 
powerful network management-side applications quickly without 
necessarily having to be experts on network protocols. 

by Peter E. Mellquist and Thomas Murray 



The advantages of using an obiect-onented design methodol- 
ogy and its associated productivity tools, such as C-f-i-,^ are 
weU enti'enched aiid accepted in today's soft:\\^are engineer- 
ing practices. One of the areas where the object-oriented 
paradigm can bring a great deal of product i\ity is in the 
development of network management apphcations. 

This article describes twf> management-side'^ tools for net- 
work management development: SNMP++ and SNMPGen. 
SNMP+-i- is a set of C++ classes that provide Simple Network 
Management Protocol { SNMP) services to a network manage- 
ment application developer,- SNMP++ brings the object- 
orientc^d advantage to network inanagetneni programtning, 
and in doing so, makes it much easier to deveiop powerful, 
portable, anrl robust uelwnrk managen^ent api>liealit)tis. 
SNMPGen h a lechnnlo^y ihat uses SNMP++ to autfjiiiati- 
eally genetrate C++ code from the SNMP Management Infor- 
uiaiion Base (MIB) tlefmitlons. Hg. I shows a t-onceptual 
view of thest* two tools, 

' This IS in contrast to agent-side iBchnoJoglas the managei/agent model, which is used for 
netwofk maftagemsnt, 15 tnaCcfgoas ^ the cIlBni/sefver modsl for distritnjted spplicstmn^ 
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Flf?, 1. A f-oiiceptual vi< w .ij uij SNMP++ and (b) SHUVikm. 



SNMP++ was developed by Hewlett-Packard and \s a freely 
a%^ailable open specification. Anyone can obtain the specifi- 
cation ciocntnieni oi\ the World-Wide Web at URL kttp://wse- 
ga i xien , extfri 1 n!. h />. co mJsnmp^ + . 

Benefits of SNMP++ 

Various SNMP application programming interfaces (APIs) 
exist tliai allow the creation of network management appli- 
cations. The nifyority of these APIs provide a large libran^ 
of function.s that require the progratmuer to be ianiiliai- with 
tile cietiuls of SNMP and SNMP resoince management. Most 
of these APIs are plaffonn-specific, resuhii^g in SNMP code 
that is specifit* to a particular operating system or network 
operating system platform, and thus, not poriable. 

Applrcatjon development using a standard set of C++ 
classes for network management pjrovides many benefits 
irtcludiiig ease of use. safety, portabibty, and extensibiLity. 

Ease of Use. SNMP++ is designed so that application pro- 
grammers do not need to be concerned with low-level SNMP 
nu'chanistns. An cjbject-oriented apprf)ach to SNMP encapsu- 
lates atici liidi's x[w internal meclumisms of SNMP. SNMP++ 
provides the following ease-of-use features: 

• It provides itii interface in wliicli the user does tTf>t have to 
be aii SNMP or ('++ expert to use its features. P'or the rntjsl 
J Jtui C poinlera do not exist in SNMP++. resulting in a simple 
and straight forw^ai'd AI^I. 

• It provides easy migration to SNMP version 2/^''^ One of tJie 
m^uor goals of SNMP++ was to develop an API that w^ould 
be scalable to SNMP version 2 with tmrtiitutl imijacn on ci>de. 

• It presents the Oexibility of lower-levei SNMP programming. 
A user may want to b>pass the object-oriented approach and 
code directly to low-level SNMP calls. 

• It encourages programmers to use the ftiU power of C++. 

Programniing Safety. Most SNMP APIs require the program- 
incr in juai);igf a v^uiety of resources* such tis memory cuul 
sockets, InijjrtJper allocation or dealk)<:"ai it>n of these re- 
sources cai^ result in corrupted or lost memory', SNMP++ 
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SNMP 



SNMP (Simple Metwork Management Protocol) is by far the most popular 
system and network management protocoJ."' More devices end systems 
are managed with SNMP than any other management protocol. This is 
largely because SNMP is quite small and inexpensive to deploy, meaning 
that ft can be implemented in devices with minimal memory and CPU 
resources. This is in contrast to the Open Systems Interconnect |0S1| 
manegement protocols which are complex and more expensive to deploy 

SNMP was developed to provide a basic, easy-to- implement network 
management tool for the Transport Control Protocol/Internet Protocol 
(TCP/IP) suite of protocols. This includes a framework of operation and 
a representation of management information within the framework- The 
Structure of Management Information (SMI) specification provides the 
definition of Management Information Bases {MJBs),'' MIBs are analo- 
gous to database schemas, MIB definitions are the basis of interaction 
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Managed 
Objects 



Managed Entfty 



Agent 







between a managed entity and a managing entity (see Fig. 1]. The 
managed entity, called an agent, includes one or more MIBs that define 
the managed information. This includes a standard set of management 
information which is part of the SNMP framework, and a set of vendoi' 
specific management information whsch allows a vendor to instrument 
specific parts of a device or process. The ability to define custom MIBs 
allows SNMP management to be extended to meet the needs of a ven- 
dors device. The managing entity, or manager, is responsible for making 
requests to the agent for management information and handling re- 
sponses from the agent- 
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manages these resources automatically. For progranuiung 
safety SNMP+-h addresses the following ai^eas: 

• Safe nianageuieiU of SNMP resources. Ttiis includes SNMP 
structures), sessions, ajid transport layer management, 
SNMP++ classes are designed as abstract data tj^pes provid- 
ing data hiding and the abilit^^ for public member functions 
to inspect or modif>f hidden instance variables. 

■ Built-in eiTor checking and automatic timeout and retry. 
SNMP++ users do not have to be concerned with providing 
reliability* for an uiu-eUable SNMP tiansport mechEuiism. A 
variety of communications errors cnn occiu, including lost 
datagrams, duplicated datagrams, and reordered datagrams. 
SNMP-h-h addresses each of diese possible error conditions 
and provides the user with transpai"ent reliability 

Portability. Another mj^jor goal of SNMP++ was to provide a 
portable API across a % ariet>^ of opemting systems, netw ork 
operating systems, and network management platforms (see 
F^g. 2). Since the internal mechanisms of SNMP+ + are hid- 
den, the public interface remains the sanie across any [plat- 
form. A progi'anmier who codes to SNMP-H+ does not have 
to make changes to niove the program to anotlier platform. 
Another issue in the area of portability is the abilit>^ to run 
across a variet>' of protocols. SNMP-h-f currently operates 
over the hiteniet Protocol (IP) or Internet Packet Exchange 
(IPX) protocols. 



Extensibilitv^ Extensibility' is not a binary function, but rather 
one of degree. Extensions to SNMP-f-f include supporting 
new operating systems, netw^ork operating systems, network 
management platfonns, protocols, SNMP version 2, and odier 
new featiu-es. Through C++ class derivation, SNMP++ users 
can irdierit what they like arid overload what they wish to 
redefine. 

Overloading SNMP-h- Base Classes. Tlie application prograi^i- 
nier can subclass the base SNMP++ classes to proxide spe- 
cialized behavior and attributes. The base classes of SNMP-h-h 
are meant to be generic atui do not contain any vendor- 
specific data structures or behavior. New attiibutes can t>e 
easily added tlirougii C++ subciassing and virtnal member 
fLmction redefinition. 

Example 

Fig. 3 shows an exaniple of the power and simplicity of 
SXMP++. Tliis example obtains a system descriptor object 
from an SNMP Management Infomiation Base (IVIIB) from 
the specified managed SNMP agent. Included is all the code 
needed to create an SNMP++ session, get the system des- 
criptor, and print it out. Retries and timeouts are managed 
automatically. 
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Fig, 3. All illustFation of the different operating systems, network 
operating systems, and neti^^ork managenient platforms to which 
network mana|?einent applications based on SNi^IP-f + can be ported. 

The SNMP++ calls in this example total only ten lines of 
code. A CTarget object is created using the IP address of tlie 
agent, A variable bindir\g object (Vb) is then created using 
the object identifier of the MTB object to retrieve the system 
descriptor (SysDescr). The Vb object is then attached to a 
PDU (protocol data unit) object. An SNMP object is used to 



invoke an SNMP 6et request. Once retrieved, the response 
message is printed out. All error handling code is included. 

SNMPGen: Machine^ Gen era ted SNMP Code 

Tradition^ SNMP de\eiopment is fairly low-level and redim- 
dant* SN^IP+-H programming requires a tiiorough imderstand- 
hig of the MIB definition used and tlte abiliiy to perform 
rnanuaJ fabrication of eacli PDU that Is sent and recei\^d, 
\^Tien dealing with large amounts of MIB data, manual fab- 
rication becomes tedious and somewhat prone to errois. 

Consider, for example, traversing tiirough a oolumn in a MIB 
table. In SNMP this is performed by loading the object ID 
of the table column into a PDU and then performing SNMP 
tSETWEKT operations on the table colunm until the object ID 
of the variable retiuned no longer matches the object ED of 
the table colimm. Although SNMP++ makes a task like this a 
httle simpler for programmers, there still remains some 
complexity. 

SNi'lPGen is a set of classes that were created to go beyond 
the limitations of traditional SNMP development and to fur- 
ther reduce the complexity of de\'el oping network manage- 
ment tasks such as the table traveisal task mentioned above. 
These classes allows a higher level of abstraction over SNMP, 
Rather tiian deal at the level of PDUs and ASN. 1 (Abstract 
Syntax Notation One) syntaxes, as is typical in SNMP devel- 
opment, SNMPGen off ens an abstraction of MIBs and MIB 
objects. The resulting framework allows the user to ^vrite 
code focused on the manipuiation of MB objects with httle 
concern about the underlying SNMP access details. Adtlition- 
ally, because SNMPGen is based on SNMP++, it can offer all 
the same advantages as SNMP++, 

SNMPGen Classes. A MIB contains managed objects that are 
represented as tables, scalars, and groups. Each managed 



#iiiclude " snmp- pp . h" 

#define SYSDESCH "1.3.6.1.2.1.1.1.0"'// Object ID for System Descriptor 

void get_sy0tem_descrlptor O 
i 

int status // return atatua 

CTarget ctarget M IPAddress) "10,4,8,5"); // SNMP++ vl target 
Vb vbE SYSDESCR); // SM1F++ Variable Binding Object 

Pdu pdu; // SNMP++ PDU 

// ^__ Construct an SNMP++ SNMP Object 

Snmp snitip ( status); // Create an SWMP++ session 

if (status 1= SNMP_CLASS_SUCGESS) { // check creation atatua 

cout << sni^p,error( status}; // if fail, print error string 

return; > 

//-- Invoke an SNMP++ Get ^-^ 

pdu += vb; //add tbe variable binding to the FDtJ 

if ( (status = anmp.get( pdu, vl target)) !=* flNMP_CLASS_SUGCESS ) 

cout << snmp . error { status); 
else { 

pdu,get_vb{ vb,0); // extract the variable binding from PDU 

// print out the value 
cout << "System Deecriptor = "<< vb.get_printable_valueO ; 1 
) 



Fig. S. A simple SNMP++ example. 
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Fig, 4, identifiers for the contents 
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object has a name and a unique object identilier and attrib- 
utes such as s^Titax aj^d description (see Fig. 4). Tables 
contain one or more indexes (pointers to other oiijects) and 
zero or more managed objects. A scaiai' represents a single 
managed object. Groups can contain objects, tables, and 
other groups. 

A MIB also defines tlie relationships among managed ob- 
jects. Fig. 5 shoH^ the reiationships among SNMPGen 
classes. 

SNMPGen Operations. A set of powerful operatioi^s (metJiods) 
are available for the various SNMPGen classes. These opera- 
tions allow the manipulation of objects, columns in tables, 
entire tables, and groups. Many of the operations are con- 
ceptually the same for aU of die classes. As a result it takes 
the same amoiuil of cfjde to get an entire MIB as it dues to 
get a sbigle MIB object. This dramatically reduces the coding 
effort for writing management applications. 

All of the classes have operations to obtain values from 
an S-NMP agent (by perfonning SNMP GET operaiions) ai\d 
operations to send values to an SNMP agent ( w ith SNMP SET 
operations). Additionally, the classes can have speciahzed 
operations that help with manipulating specific types of 
objects. For example, the CSNMPManagedlabte class has 
operations Ibr manipulating rows and colunins in a table. 

AH SNMP considerations are hidden beneath the SNMPGen 
operations. However, many of tlic SNMP++ classes are used 
to manipulate the basic syTitax of MIB vaiiables. WTiilc ftearly 
eliminating the requirement for detailed SNMP knowledge, 
this approach provides all the power and flexibility offered 
by SNMP++, 



In addition to the operations provided ^ the classes can be 
extended to perform any tasks specialized for a particular 
appUcation. Tliis can be done simply by deriving new classes 
from the SNMPGen classes and defining the operations for 
the new^ classes. 

Mibingr. SNMPGen classes allow modeling of MIB objects, but 
they do not give the objects context. For exajuple, instead of 
ha\ing a generic group class, a developer might want a class 
that represents a group called MIBIl" or maybe a system class 
til at represents the system group. A tool called mihmgr was 
<ieveloped to derive classes representing tliese kinds of spe- 
cific MIB objects from the classes provided by SNMPGen- 
The result is a class definition for every object in a MIB. 
Developers then use these classes in SNMP maiiagement 
applications. 

MIB documents tend to be long and somew^hat difficult to 
read. The mibmgr tool w^as first developed to help the read- 
abiUty of IVIIBs by displacing them in a simple form. For 
examplCt MIBII would be reported as shown in Fig. 6, 

This output w^as created by i^arsrng the output of a MIB com- 
piler tool called MOSY (Managed Object Syntax Compiler 
yacc-Based), which comes with the SNMP subagent develop- 
ment enmonment licensed from SNMP Research and main- 
tained by HP's Network System Management Division. MOSY 
takes a MB definition as input and produces a compact, 
easily parsable output file. This output file is then used as 
input to the mibmgr tool (see Fig. 7), 

' MIBII is !he second genetation of standards for mantged SWMP objects as defined tsv the 
Imemet EngineeTing Task Force. 
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Fig. 6. Tlip t Mi I put produced by thf^ mibmgr for tJie example MIBIL 

We quickly realized that this same information could be 
used ill conjunction with the SNMPGen classes to produce 
C++ header files for SN^IP management applications (see 
Fig. 8). Mibrrgr was augmented to produce class definitions 
for each variable in a MIB. Tliis gives context to tlie 
SNlMPGen classes by completely defining the object ID 
space as well as the entire JVIIB hierarchy. 

The following code shows an example of a machine-gener- 
ated scalar object. (Note that mSbmgr creates a C++ header 
file for the entire MIB and only the portion relevant to this 
exaniple is showii. j 

ftdefine SsysDescr "i . 3 . 6 . 1 . 2 , 1, 1 , 1" 

claas CsyeDeecr; public CSNMPScalarObjectTypeC 
public - 
CayaDeacr ( J : 

CSNMP Sea lar Ob j ectType ( Sey sDesc r , 
SHMP„3YNTAX_0CTETS ) ( ) ; 

Siinilarly, a machine-generated gi'oup would appear as 
follows: 

clasB Caystem: public CSKMPManagedQroup{ 
public : 
C system ( ) : 
CSNMPKanagedGroupiaayatem) { 

AddObject (fesysDescr J ; 

AddObject{&sysObjectID); 

AddObject (&sysUpTimeJ ; 
}; 

CsysDescr aysDeecr; 
CaysObjectID aysObjectlD; 
CaysUpTime sysUpTime; . , . 



This scheme has several benefits. Since the class definitions 
are produced in C++ header files, any changes to ihe MIB 
have little effect on management applications. The C++ 
header files also allow eas>' extensions to the classes if 
needed. Machine generation of class objects greatly reduces 
the possibility of coding errors and taping mistakes. 
SXMPGen combined with the niachine-generaied classes 
allows the developer to deal only with MIB objects and hier- 
archies. The use of the machine-generated classes essen- 
tially makes a MIB definition the development specification. 

Example. Rg. 9 shows a minimal program that lakes a host- 
name as an ai^ument and retmns the system descriptor. The 
example assumes thai the mibmgf tool w^as used to create the 
header fUe mtb2objs.h from the MIBII specification. A sampie 
outpnt from the example in Fig. 9 is as follows: 

$ miniteat bpisrhx 
SysDepcr = HP-UX hpisrhx A. 09. 01 E 9000/720 
$ mini test hpinddii 

Failed to issue SNKP get: Timed Out While 
Waiting for Response Pdu 

The first case worked, and in the second case, no SNMP 
agent was running on system hpinddh, so the request timed 
out. The key points to note from this example are: 

• Header files include the SNlVlP+'r, SNMPGen and its 
machine-generated files (mib2Qbjs.h includes the SNMP++ 
and SNMPGen headers), and the standard C++ 1/0 library. 

• SNTVTP++ target and SNT^IP classes are required to perform 
MIB access. 

• The machuie-generated classes produced by SNMPGen 
have the same name as defined in the MIB specification, 
with a C prepended (e,g-, CsysDescr). 

• Retrieving the object is done using just one operation 
against the object, which in ihis case is sysDescrSMMPGetiK 
The member function SNMP Get!) is inherited from the base 
class CSMMPObjectTvpe- 

• Accessing the retrieved data is also done as a single opera- 
tion against the object, which in this case is sysDescrGetPrinta- 
b I e Va J u e ( ) . The member f u nctio n G et P rt nt a b J e Va I u e is uiheri te d 
from the base class CSNMPObjectTvpB. 

Practical Uses of SNMPGen 

SNMPGen classes combined with the machine-generated 
classes make it possible for managemeni: applications to be 
developed quickly and efficiently. Engineers wTitmg manage- 
ment applications are frequently not networking experts. 
The classes ailow^ SNMP management without requiring 
SNMP expertise. Additionally, when correctly used, the 
classes can reduce complexity and redundancy in manage- 
ment code. 

Se^^eral management projects have been based on the SNT^IP- 
Gen classes. Tlie HP ClusterView product, which is used to 
monitor MC/Service Guard high-availability clusters, uses the 
SNMPGen classes to collect cluster information. The tool 
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Fig, 7. Tlie piQcesses involved iji cmatiii^ a MIB report. 




MOSV 
Ouipirt 




<MIB> OlDS.h 
<IVIIB> Obis.h 
cMIB> untfefs.h 



Fig, 8, The process of amomaucally generating of C^ 
files for lie I work applications u^ing SNMPGen. 



header 
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finclude <iDBtrearo,h> 
ilnclude '^mib2objs,h" 
niain(int argc » char **a.rgv) { 
int status; 
CeysiDescr syaDescr; 
int status ; 
CsysDescr ^ysDescr; 



// result of operation 

// SNMPGen created class from mib2objs.h. 

// result of operation 

// SNUPGen created class from mib2objfl-h 



if (argc 1= 2) { 

carr << "Usage; " << airgvIO] << " <hoetnaEte>" << endl; 

returnd) ; } 

IPAddresa destination targrv[l] ) ; // use command line arg as destination 

if { Idestination, valid( ) K // verify we reeolved this address 

cerr << -'Bad hostname: ■' << argvlll << endl; 

return(l); } 



CTar get t ar ge t ( de s t i nat i on ) i 
Snmp iir^_session( status) i 



// Create an SNMP++ Target 

// Create an SNMP-i'+ Snmp object 



if (statue) { // Ensure the Snmp object is OK 

cerr << "Failed to create SKKP Session" << status << endl; 
return(l); } 

status = sysDescr-SNMPGet (my_ session, target);// Access the MIB^II object 
if (status) { // Check for success 

cerr << "Failed to issue SNMP geti " << ii^_SBSsion. error (status J << 
endl; 

return ( 1) i } 

cout << "SysDescr = " << sysBeacr . Get Print ableValue ( ) << endl; // display 
return {0 ) ; 



Fig, 9, A prograjm that uses 
descriptor, 



SNMPGen dasaes lo find a jpanicuiar hosl (using a hostname parameter) and returning the _\11B1I system 



was designed aitd writt-en by engineers with veiy liHl^i^, 
working, SNMP, or even C++ experience. The Web page 
http://hpgsslhc.cup.hp.com/ClustefView explains tMs product. 

Additional applications Include MIB browsing tools and MIB 
monitoring tools. Since the classes have MIB infoniiation 
embeddc?d witiiin tlieni, tliey can pro\dde good representa- 
tions of MLB stnictures. Additionally, each class can answer 
questions about MIB object syntax, descri^ptions, and so on. 

Alternatives 

D envelopment of network management applications that 
need to manage network devices or network systems is not 
an easy task. Often these dendces operate in heterogeneous 
environments where one or more operating systems may be 
present. This can place additional requirements on a manage- 
ment application. Spectrically, an application might need to 
run on more than one operating system, like tlie UNIX oper- 
ating system and Microsoft '^'Ulndows. 

Before SN'MP++. the abihty to use a production-quality set 
of object-oriented SN^MP tools did not exist. Uitliout one 
common set of SNMP libraries, experts are required for 
each operating system platform and each different SNMP 
library. Not only does this require additional engineers for 
development, but testing and maintenance are also advei^^ely 
affected. SXMP++ aHows reused code across any platform 
tliat supports ANSI/ISO C++ and supports Berkeley sockets, 



includhig all derivatives of the UNIX operating sj'Stem and 
Microsoft Windows. Clearly, ha\ing to code to and support 
multiple SNMP APIs is not a viable alternative. 

Conclusion 

Creating the SNMPGen classes and the mihmgr tool was not a 
traditional project. It was done as a side job and encountered 
many obstacles, the foremost being lack of time and re- 
sources. The project pioneered the use of C++ development 
in the division and exT>osed many issues with the ti'aditional 
development and integmtion model. For example, many of 
the tools had never been used with C++ code before. 

The use of SNMP++, SNMPGen, and the machine-generated 
C++ header tiles demonstrates the power of object-ori- 
ented design and programming. The object-oriented para- 
digm allows complete freedom for developers. New attrib- 
utes can be assigned to the class definitions and the classes 
are fully extensible. The use of tliese cliisses greatly reduces 
development effort. Engineers do not need to know net- 
work prograttuning or leaiit about SNMP to create SNMP- 
based management applicadoas. 

As more and more networked devices and distributed sys- 
tems are used in todays contmunication-intensive ^vorld. 
SN'MP will play a m^jor role in remote management. 
SXMP++, SNMPGen, and the classes created with tlie mibmgr 
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to€l will help developers meet the need for network and 
systems managenient by enabling rapid de\elopmen!. 
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Design of an Enhanced Vector 
Network Analyzer 

A liquid crystal display (LCD! reduces size and weight and has a larger 
viewing area. TRL (Thru-Reflect-Line) calibration allows measurement 
of components that do not have coaxial connectors. New software 
algorithms achieve faster acquisition and frequency tuning of the 
synthesized source to give faster updates of the measurement data. 

by Frank K, Da\id, Frederic W. Woodhull II, Richard R, Barg, Joel E Dunsmore, 
Douglas C* Bender, Barry A. Brown, and Stanley E» Jaffe 



The development of a new measurement instrument always 
involves technical challenges. This is also tnie for the 
enhancement of an existing family of instruments with llie 
added challenges of getting the enlianc!en\euts to market in 
exactly Itie right form and in a timely manner. 

The measurement instrument called a iwclor network ana^ 
iyzer (see Fig. 1) is the integration of a tunable scmrce, a 
multichannel receiver, and a test set for sigttal routing and 
sepajation, all tuider the control of an emhedded CPU The 
block diagram in Fig, 2 shoM^s the inter comiection of these 
components, whicti for tJie family of instnmients described 
here aie all integrated into one package. 

The purpose of a vector network analyzer is to measure the 
magnitude aiul phase of the reflection and transmission 
characteriBrics of a microwave component (historically 
called a microwave network) as functions of frequency. The 
component is inserted between the test ports, the test signal 
is rapidJy timed over a span of frequency, ajul poniuns of lliis 
signal are reflected from aiui transmitted through tlie com- 
ponent- These reflected and traiisiuitted signals are ratio ed 
with a portion of the test signal that has been tapped off into 



the reference channel to display the component's reflection 
and transmission characteristics as functions of frequency. 
This infonnation is needed by designers to know if their 
components will work properly when inserted into a micro- 
wave system. 

The accuracy of the measurement, which depends on sepa- 
rating the comportent's characteristics from the characteris- 
tics of the instrumenl, is gi'eatly improved by the ratioing 
process. The accuracy is further erUtanced by a calibration 
process that nteasures known standards (calibration compo- 
nents) to characterize and mathematically remove the re- 
maining systematic enors in the uTstiTinient. 

The components that are measured with a vector network 
analyzer are used in a wide variety of commercial and miii- 
tary products: cellular phones, broadcast and cable T\% long- 
distance telephone transmission, satellite conununications, 
microwave ovens, airplane radai; missile guidance, and so 
on. Each of these applications uses dozens of components 
that are developed tmd produced with the aid of a vector 
network analyzer Thus, the accuracy and meastirement 




Fig. 1. HP 8720D vector net^wk 
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Fig. 2. HP 8720D vector network 
aiuil>iier block diagram. TXvo refer- 
ence recf'iverSt U\ and S^, distin- 
guish the Option 400 model E2 is 
always internal; only Hi appears 
(as E) on the front panel. 



speed of the vector network analyzer vnW ha\ e an uriijaot on 
the peif ormance and cost of these products. 

Tile family of IIP vector network analyzers known as the IIP 
8720 fantily is composed of three members that differ in the 
frequency range over which they can make their measiue- 
ments. Tlie HP 8719D. 8720D. and 8722D co\'er the fre<iuency 
raitges froni 50 MHz to 13.5 GHz, 50 MHz to 20 GHz, atui 
50 MHz to 40 GH/. respectively. The family made its fn^st 
appeajanre early in 1988 with the introduction of the HP 
8720A and has evolved over the years to the introduction 
of the D models in May i&96. 

The evolution of the HP 8720 faioily from the A models to 
the C models was to improve the instruments' hardware 
peiformaoce. The recent evolution from the C to the D 
models was to respond quickly and rlirertly to a change in 
users' needs. More and more the instnnnent was being used 
in a production measurement role as opposed to the pre- 
vious R&D role. This change brought ^ith it a need for more 
measiu'ement speed and expanded I/O capabihty to allow 
easier and better integration uito a larger pr{>duction test 
system. Also, tlie industiy' trend <jf higher levels of integra- 
tion of components made it necessary' to measure compo- 
nents that do nut have coaxial connectors — -for example, 
a probe station measuring amplifier chips on an IC wafer 
We wanted to respond with something that not only met the 
new measurement needs, but also had a new look: a state- 
of-the-art display technology and a smaller, lighter package. 

The list of imi^rovcments we could have made was Jong, but 
we could only choose a few because we wanted to respond 
quickly. This required careful selection and sorting of the 
cu.stomer inputs that ctmie to us fiirectly or through otir field 
sales force. One difficulty in sorting iJiese mptUs was the 
fact tliat one fundanicntEil neeti can manifest itself in several 
different ways — for example, after tliorough investigation, 
an issue of instrunienl calibration turned into an issue of 
measurement speed. Another diftlctdty wiis sorting the 
unique but strongly stated needs from the broad based bitt 
quietly stated needs. 



Once the sorting and priori uzing were done, we focused on 
the most import ai^t changes that eiIso allowed us tlie most 
leverage from existing designs. When this was done, we 
proceeded to improve the HP 8720 family with these design 
changes: 

• A hquid ciystal display (LCD) gives size and weight reduc- 
tions plus a larger \1ev^ing area. These are important features 
in a production enwonment 

• In the HP 8720D Option 400 models^ hardware and software 
additions implenieni a calibrafifjn technique called TRL 
(Thru-Reflect'Lrne), wluch uses four receivei^: two refe-ience 
and two measitrement. Tliis allows accurate measurement 
of components that do not have coiLxial connectors. Imple- 
menting TRL reqtiired some careful multiplexing^ of the 
recei vets' outputs because tlie uistrtmient is limited to three 
data charmels. 

• New software algorithms achieve faster acquisition and 
fiequency tuning of the synthesized source to give faster 
updates of the measurement datJL 

Liquid Crystal Display Electrical Design 

Ther'e were many advantages to l>e gairted by converting the 
instniment s display frotn the traditional color CRT to a color 
LCD, as can be seen in Table L hi paiticitlai; note the signifi- 
cant decrease in volume, weight, and power consumption 
and the increase in viewing £irea. However, as benefKial as 
this conversion is, implemetiting it in a short time presented 
some significant chaUenges. 

Originally, ihe display interface w^as designed to drive a 
jncjnochroixmtJc, digital, vet^tor CRT display with a state 
machine controlling stroke and font generators. The state 
machine executed four l>asic conmiands (set condition, plot, 
graph, character) which were stored in a display list. ^Mien 
the moitochrojtie display was later leplacetl l)y a color raster 
dispJay^ the same interlace was used, making the transition 
to color more or less a drop-iii replacement (with neces.sar>' 
changes to control the color attributes of lines and text). 
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Tabfe 1 






LCD versus CRT Display Characteristics 










LCD 




7.5-in CRT 


S.4 ill LCD 


Advantage 


Volume 


9745 CJVY^ 


240 cm'^ 


-97.5% 


Weight 


5 kg 


0.33 kg 


-93.4% 


Power Consumption 


35W 


3W 


-91.4% 


Viewing Area 


170.4 cm^ 


221.5 cm^^ 


+ 30.0% 


Horizontal Size 


15,6 cm 


17,1cm 




Vertical Size 


10.9 cm 


12.96 cm 




Aspect Ratio 


0.7 


0.75 




Pixel Fiequency 


35,9 MHz 


25 MHz 




Horizontal Frequency 


25.46 kHz 


31.41 kHz 




Vertical Frequency 


59,9 Hz 


59.S Hz 




Vertical Resolution 


400 


480 




Horizontal Resolution 


1024 


640 





With the color rastei' CKX die display interface was built 
around a graphics system processor, which emulates tlie 
state machine's stroke and font generators, Suppoiting 
blocks for tlie graphics system processor include DRAM to 
store the graphics system processor code and display list, 
\TMM to store ihe pixel data for the raster display frame 
and fonts, and a color palette, which uses the pixel data to 
addiess a color lookup table which then drives a triple DAC 
to generate die analog RGB outputs to drive the CRT. The 
block diagram for tliis is shovm in Fig. 3. The pixel data is 
4 bits, wliich allows 16 simultaneous colors to he displayed. 
Lookup table registeiis have 12 bits, which allows selecting 
one of 4096 colors. 

Changing from the color CRT to a color LCD in a short time 
did not allow creation of a totally new display interface. Tlie 
focus was to atldress each of the diBferences listed in Table I. 
This resulted in changes of display resolution, timing, aspect 
ratio, data fomiat, ]:tower requirements, and test pattems. Tlie 
resolution change required changing the x-axis and y-£ixis 
scaling in the graphics system processor plot and gra^jh rou- 
tines and the size of the bitmapped fonts. The display timing 
change required modifying the values of the graphics system 
processor timing register value. The change in aspect ratio 



required changing the host code that generates circles to 
maintain their roundness. This change affected the aspect 
ratio of the printer output, which required a modification in 
the grapliics system processor code controlling the horizon- 
taJ scale factor. The data format change required changing 
from the CRTs analog RGB data to digital data. The color 
palette did not provide access to the digital data, so it was 
replaced with a static RAjM for the color lookup table and a 
triple video DAC, whose output is used for driving an exter- 
nal VGA monitor, as shovtii in Fig. 4, The powder supply had 
to be changed to the 3.3Vdc required to drive the display, 
but more important, this %'oltage had to be withheld from the 
display until the video synclironization signals were present 
or the hqiud crystal structure would be damaged. The test 
patterns were changed to allow for testing some of the 
imique characteristics of an LCD: a black screen checks for 
pixels that may be stuck on, primary color bars Iielp ev^aluate 
the viewing angle, and 16 color bars help evaluate each of 
the LCD s color bits for troubleshooting the digital interface* 

The LCD, which measures 8,4 inches across the diagonal of 
the active viewing area, was originally designed for use in a 
laptop computer. I'sing it in an Instmment required several 
modifications to the display's viewing characteristics to im- 
prove general brightness and grayscale contiast reversal 
(light areas tiuii dark and dark areas tmii hght) over a wide 
viewing angle. 

Tlie laptop application optimized its brightness and contrast 
for a relarively narrow viewing angle (approximaf eiy ± 20 
degrees off the perpendiculai' in either the horizontal or tlie 
vertical direction), Instnmient application requires a wider 
angle, typically ±45 degrees. An instRiment display needs 
to have this wider viewing angle to be free of grayscale con- 
trast reversal. Tlie solution to tliese problems w^as to modify 
the light p<ilaiizing and diffusing tilnis that coat the display, 
and to avoid using colors that are not fully saturated. Tliis 
restriction on the level of color saturation means that to 
achieve maximum viewing angle, an LCD that is capable of 
4096 colors is limited to a total of eight. This certainly limits 
the color flexibility, but it is enough for our four-trace display. 

One advantage of converting from a CRT to an LCD is that 
LCDs don't have conv^ergence. focus, geometric distortion, 
and color purity concerns. This produces a visual image that 
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Fig. 3, CRT graphics system. 
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is sharper and more consistent m color across the entire 

screen. 

Liquid Crj'stal Display Mechanical De§ign 

The design of tlie front panel for the IIP 8720D vector net- 
work anal>-zer iitcon>orates many features that solve prob- 
lems associated with the display, including aligning the dis- 
play viith the panel, pre%'entmg leakage of electromagnetic 
fields from the display area, ease of assembly, and space 
saving. 

In past instruments with a CRT dispiay the display and front 
panel inherently had poor aJlgnment witli each other because 
of the lack of a common mechanicaj reference. The LCD 
design, shown in Fig. 5, solves this problem by integrating 
into ttic front panel tiie display bezel and mounting posts. 
This allows self-alignment of the display to the bezeL The 



(Paitjal S&ctionl 



LCD 




Flex Ctrctiit 



Backing Plate 



Fig, 4, LCD graphics system* 

nioimting po.sts also control the spacing between the LCD 
and the panel to capture the gaskets and the protective anti- 
reflection glass properly. 

Electromagnetic interference (EMIj from the electrical cir- 
ciiitiy in the LCD is a problem because it cannot be shielded 
by the instrument s sheet-metal enclosure. To solve this, a 
thin, transpaient layer of metal was added to the surface 
of tlie glass, and tliis layer is electrically connected to the 
metallic front panel by conductive silver strips along all the 
edges of the glass. To ensme low-resistance, reliable contact, 
special spring clips attached to the nietalized edges of tlie 
glass niake pressure contact to the front-panel casting. In 
addition to tlie electrical connection, the chps also locate 
and hold the glass in the panel. Tlie ne! effect is to produce 
a continuous metal sliield over the display without notice- 
ably affecting the display *s %iewabilit5'. To provide additional 
shielding for the LCD, a special conductive gasket was adcied 
to the LCD's metal frame to connect this frame to the edge 
metallization on the glass. This gasket also hides the LCD*s 
metiil frame, which w^ould have beei; \isible in the wide bezel 
opening necessao' Ttj yield tlie maxioTum viewing aitgle of 
the display's active area (see Fig. 6). 

Tl\e key to tlie ease of assembly is the LCD backing plate, 
wiiich has several functions. It holds the IXT) to the bezel 
with five pressure tabs, it jjrovitles ntounting for the circuit, 
board that drives the display's backlight, it captures the Hex 
circuit t hat connects the LCD and backlight driver to the 
gmphics processor, and it allow^s access to the backlight for 
easy replacement. Tlte assembly of the LCD to the front panel 
is a simple layering of parts all from one side, and the layered 
parts are all held in place by only three screw^s. This gives a 
rugged and ver>' compact arrangement. The full depdi of the 
assein(>ly front the front bezel to the back of the mounting 
plate Ls less thafi 21 nun (comi>cU"efi to 317 mm for a stan- 
dard CRT), litis drastic reduction iji the depth of the display 
allowed a 2U% volume reduction o%'er previous models and 
reduced tlu^ ileptli of tlie instiiuuent, which is \'eiy^ impoitant 
Ijecause it gives the user more working room in front of the 
iastnunent. 



Fig. 5. The LCD bezel and mounting posts are integrated into Uie 
iriistrurnem front panel. 



April imi lifwji^tt.j^clairct Hhnimjil 69 



)Copr. 1949-1998 Hewlett-Packard Co. 



^x 



Spdng Clip 
4 Places 





^ Condyciive 
Sltver Strip 



Conductive Gasket 



■^ 



Fig. 6, To reduce electromagnetic mterference, the display lias a 
transparent metal layer on \ls g]3.ss surface, a conductive gasket on 

lis frame, and spring clips and silver strips to connect the glass to 
the frairte. 



Three -Receiver Analyzer 

To understai^d the consequences of adding a fourth receiver, 
it is helpful to re\iew the characteristics of the standard 
three-recei%^er version of the net^vork analyzer. The receiver 
of the network analyzer is syntiiesized, and the sotirce is 
phase-locked to the receiver tlii'ough the reference receiver 
path, as shown in Fig* 7. In the standard instrument, the ref- 
erence receiver path is obtained by splitting some of the 
signal from the main signal path. This sanie splitting point is 
used for the atitomatic level conti*ol (ALC) detection point 
The main signal path continues to the test set transfer 
switch J which tiirects the signal through one of the test port 
couplers for foi^ard or reverse signal path measiuements. 
The isolation of the switch in the off path creates a cross- 
talk term, limiting the dynamic range of the transmission 
measurements. 



Tlie effects of the system con^guration on measurements 
can be tmderstood in Uie context of system specifications as 
seen from the test ports: power source match, ratio source 
match, load match, test port output power, and test port 
power flatness. 

A key specification for network analyzers is source match, 
which is a measure of how close the test port impedance 
is to an ideal 50-ohm real source impedance. If the driving 
point impedance of a test port is not equal to the ideal refer- 
ence impedance, measurement errors such as ripples on 
transmission measurements ^iil become evident, hi fact, 
there are tw^o different source match tenns: actual source 
match, which might be referred to as tlie poiver source 
match, and the som'ce match in a ratio measurement, 
which is referred to as ratio source match. Good power 
source match is important for test port power accmacy, 
w^hile good ratio source match contributes to accurate 
measurement of s-parameters. Tlie ratio source match is 
created by taking the ratio of a test signal to the reference 
signal. Tills provides an improvement over the power source 
match. ^ 

For povv'er source match, a sample of the of the source sig- 
nal is routed to a detector, and the level of tlie souzce is con- 
trolled to keep tJie detected signal constant. This has Llie 
effect of making the split point a virtual voltage source, thus 
having a zero impedance. The series 50ohm impedance in 
the main path now sets the power source match. The power 
source match in this case is stiM not exactly 50 ohms because 
some signal that does not come ftom the viHuaJ source node 
may couple to tlie detector as a result of high-frequency cou- 
pling from tlie iiiain arm output to the detected output. Also, 
any jihysical resistor will have some reactive component, 
such as series inductance or sJimit capacitance. Although 
minute, these small parasitic elements have substantial 
effects at high microwave frequencies. For example. J pF 
of shunt capaciiance has a reactance of 50 ohms at 30 GHz, 

Ratio source match is very^ similaj' to power source match, 
in that the sampling of the reference signal makes the node 
of the samphng point appear to be a virtual soiu'ce^ and the 
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Fig. 7* Test set for a vector net- 
woTk analyzer with Lhree receiver 
channels. 
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series resistance in the main arm s^ts the ratio source match. 
As shovv^i in Fig. 7, the same node is used for both power 
leveling (ALC) aiid ratio splitting, and the same series resis- 
tor is used for setring both kinds of source match. Because 
of differing parasitic coupUng factors from the main arm to 
the detector path and front the main arm to the ratio path. 
the power source match and tlte ratio source match ^^ill not 
be identical, especially at high frequenckes. For most mea- 
surements, the main concern is for good ratio source match. 

Tlte hod match of a network analyzer is the term used for 
the impeciance of the test port tltat is not the active source. 
It is easy to see from the block diagram that there is a titffer- 
ent patli for the load impedance in this state. Therefore, tlie 
som^c^e match and the load malch of a particular port vrill not 
be the same. 

The insertion loss of the switch reduces the test port signal. 
Tlte total U>ss of the switch limits the maximiun power avail- 
al>le, atid the frequency response, or Oatness, of the switch 
detemxines the test port, power flatness. The maxirtuim test 
port power is determined mainly by the switch loss* but also 
by the maximum power available from the source amplifier, 
the loss m the reference and detection splitters. aiuJ the Icjss 
In the test port coupler. Because ihe test port switch is jmsi- 
tioned between the reference channel and tlie lest channel, 
any switch repeatability errors, or drift, will be errors in tlie 
measurements. Power flatness is detemtined by how well 
the detector sensitinty remains constant with frequency 
However, because the loss from the power leveling node to 
tlie front panel test port increases with frequency the detec- 
tor path is designed so tliat the source power increases with 
frequency, thus compensating for the loss to the test port. 

Incorporating a Fourth Receiver 

For the foiu-recei^ er version (Option 400), the test pun 
switch needs tcj come before the reference channel (lOwer 
splitter, thereby creaiing two reference signals and two rest 
port signals, one for the fon^arcf direction atid another for 



the reverse direction (Fig. 8). In this ^^ay, the switch repeat- 
ablUty error is "ratioed out" and does not affect measiu^e- 
ment accuracy. Ciurent designs use equal-resistance power 
splitters \^1tii a 50-olmt resistor on each leg to obtain the 
reference signal. The power splittei's are integrated uito the 
test port switch. The switch incorporates a shunt p-i-n diode 
at the splitter node tliat is fonvard4>iased in the off state 
such that the node has a low mipedance to ground and the 
off state main-arm impedance is 50 ohms. The reference 
receiver rc^quires a much smaller signal than the test port, so 
additional external attenuators are usn*dly added. The loss 
to the main arm for tiiis configuration is nominally 6 dB. 
Thus, with no other changes, the maximum test port power 
and the system dynajnic range would need to be degraded 
by 6 dB/To reduc^e the power loss in the four-receiver con- 
riguration, an uneciual splitter was designed to tap off less 
power for the reference receiver. Titis decreases the loss 
tlirougit the main ann by about 2 dB, though it does make 
the power source match a bit worse. The ratio source match 
in the ratio mode depends upon the tiesign of tlie splitter 
circuit (see page 72), 

In rhe three-receiver version of tlie netw^ork anal>7.er, the 
splitter for power level detection and the reference receiver 
shared the same split node and the same series 50-ohm re- 
sistor. In the four-receiver version, the power level detection 
arm is not part of the splitter, so the power loss from this 
path can be recovered, allowing more power to reach the 
test port. An alternative method for generating a detected 
signal was implemented that uses a custom HP GaAs IC. 

This chip has an unequal-resistor bridge with a built-in de- 
tector diode, which provides the necessary signal to the ALC 
cu'cuit and has less than 2 dB of loss. Ttie splitter-detector 
used in the three-receiver version had about G dB of loss, so 
an additional 4 dB of power is recovered by this modifica- 
tion. Tlte detector circuitry is actually integrated into tlie 

(continuad or; paga 74) 
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Modeling Source Match Effects for Microwave Power Splitter Design 



Source match is a difficult measurement to make, as well as a difficult 
charactenstrc to simulate in a microwave source, because its vaJue is 
evident only by observing the effect of varying a load and measuring the 
forward power available to the foad. Tlie degree to which the forward 
power changes with the load is an mdication of the source match. 

For simulation purposes, a system was modeled with three different load 
termination impedances, and the power changes resulting from simulated 
load changes were manipulated to generate a ratio source match model 
Fig. 1 shows the system simulation, with the power splitter modeled as 
,an ideal two-resistor block. 

fn the design work that followed, a much more complex model of the 
power splilter generated from transverse electromagnetic (TEMl mode 
microstrip and suspended striphne microwave components was used to 
take mto account transmission line effects. The ability of this method to 
predict correctly the response of microstrip circuits is limited to the extent 
that the required circuit configurations do not match standard models or 
that non-TEM mode effects dominate the results. 

Very early in the design it became evident that the simpler micrastrip 
models did not adequately account for non-TEM mode coupling between 
elements in the power splitter. While it was possible to add coupled line 
elements to try to account for these effects, no models available con- 
formed to the layout configuration required for the power splitter Instead, 
a newer modeling technique just developed by the HPEEsof Division was 
used. This program, called HP Momentum, uses finite'element tech- 
niques to solve Gauss's law for fields at each portion (called the mesh) 
of a circuit. 

There were three constraints on the design of this microwave power 
splitter: the source match had to be better than 14 dB, the load match 
(with the common node of the splitter grounded) had to be better than 
14 dB, and the reference channel arm had to have a signal approximately 
ZO dB down from the main arm signal 

Fig, 2 shows the outline for the equal power splitter used in die 4D'GHz 
version of the HP B720D family, and Fig. 3 shows the fir-st pass of the 
unequal power splitter used in the 20-GHz version, as described in the 




Fig. 2. Outline of the equal power splitter 

accompanying article. The TEM srmulator predicted good results, but the 
coupling between lines was found to be a dominant effect when an HP 
Momentum simulation was performed on the same circuit. Through some 
iterations between both kinds of simulations, it was determined that the 
large- value resistor for the unequal split needed to be divided between 
the Input node and the reference output port. A large value is needed at 
the input node to Isolate the main arm from the reference arm, especially 
at hfgh frequencies, but a large value is also needed at the output so that 
the voltage division that gives the reduced reference signal is applied to 
the expected signal path as well as any signal coupled onto the trans- 
mission line between the input and the output. Finally, that transmission 
line must have a width sufficient to allow placement of a dc blocking 
capacitor, which must be a high-performance single-layer capacitor to 
prevent unwanted resonances in the capacitor structure. 
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Fig, 3. First-pass destgn for the ynequef power splftter, 

Fig. 4 shows the final circuit structure with shading from the HP Momen- 
tum simulator showing the current density, It Is possible to animate this 
display by changirtg the phase of the input signal and watching the re- 
sutting propagation through the circuit. It was clues from this type of dis- 
play that led to the solution of splitting the large-value resistor to reduce 
the effects of fields coupling onto the reference arm of the splitter. 

For each change in the structure of the circuit, another finite-element 
analysis is perfonned. taking about one hour on an HP 9000 Model 
725/100 workstation with 256M bytes of RAM. to yield a three-port 
s-parameter data set for the new structure. Thts data set was further 
analyzed by simulation to determine the ratio source match When the 
design was nearly final, artwork was submitted to the thin-film operation 
for prototyping. The first results were good, but as with many microwave 
designs, testing indicated that some refinement would improve the per- 
formance, especially in further isolating the two sides of the splitter The 
final design includes powdered ferrite {also known as polyiron) absorp- 
tive blocks between the arms and some small pads that can be added to 
compensate for mismatch caused by nonrepeatabie solder or assembly 
operations. Fig. 5 shows the final simulation of power source match and 
ratio source match for the final version of the circuit, 
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source anipliHer niicrocircuit, so a new version of this 
module was introduced with the bridge detector circuit and 
wirhoiit the reference RF output. This crhange, along mth 
the unequal [jower split in the switrli-sj)litter circuit, mattes 
up for tlie loss and meaiTS lit at no degradation is needed in 
the maximum output power or dynait^ic range. 

The integrated bridge detector has a very flat frequency re- 
sponse, so the pow er out of the amtJlifier is quite flat. This 
would nonnally seem like a good thingj but there is a lot of 
power loss slope in Oie .switch-spUtter ;iiul other com[}onents 
on the way to the test port.. The detector seusiiivity of tlie IC 
cannot be sloped, so the power flatness could become quite 
bad, something like 8 dB of variation from maxiiriutn to 
minimum powei" at the test port. Because of this, the design 
of the ALC circuit needed to be modified to accommodate 
this slope. 

The short duiation of the ijrQJecl required that the ALC 
changes not resuh in any instrimient fmnw^are changes to 
improve the power flatness. This requirement was met by 
samplitig a ijortion of the tunc^ voltage of the main oscillator, 
wtuch is linear with frequency . and using it to modify the 
reference for tlie ALC level. Some diode shaping and ac^ust- 
able gain and offset allow a rmige of acljustments that pro- 
vide less than L5 dB ol' power variation over the 2(KjHz 
span of iJie networ k analyzer. 

For the 40-GHz version of the network analyzer, the equal 
splitter was retained because the greater loss at 10 Gllz re- 
quires a larger signal to (lie reference receiver The lO-GHx 
source aittplifier was motiified with the bridge detector cir- 
cuit to jricrease the available power l)y 4 clB. and the fmal 
powder amjilifier chip, again a custom HP G;^s It-, was 
changed to a newer high-power version that gives 2 dBm 
more outj:nit power. Tliiis, the output powder specification 
and dynamic range of the 40-(tHz analyzer are not degraded 
for the four-receiver version. 

Thru-Refleet-Line Error Correction 

One of tiie classic difficulties in makuig s-j"jarameter n^easiu'e- 
ments on a de\ice is that a user w^ould like the measmement 
environment to be as nearly identical as t^ossible to the en\i- 
ronmejtt in which tlie device will uhimafely be used. The 
difficulty is often compounded by a lack of calibration stan- 
dards for a parti culai' envlronnient , or by the liniite<:i ability 
of the user to create calibration standards that are predict- 
able and reliable for that en\dronment. 

The TbroRellect-Line (TKL) technique-'^ has gathered 
montentmn over t he p^ist decade bet atise it only requires a 
known chaiacteristic imi>edance for a short length of tratis- 
mission Ime [the "Line'' part of TRL). Fuilhennore, since an 
infinitely long transmission line can be rejD resented by ter- 
minations or loads of a particulai' characteristic impedance^ 
the tec4initiue can be <^xteudetl to an entire family of TRL 
techniques, including Thru-Reflect-Mat<4t, Thi-u-Retlect- 
Attenuaror, Lnie-Renect-Linet and so on. Like the IIP 8510 
network atialyzer. the HP 8720D Option 4tJ(} instruments 
incoiporate foui' samplers and a switch-st>iitter arr^igement 
so thai self-cahbration using a TRL algorithm can be per- 
fonned for high-accuracy s-pmameter nit'asurenients,^ 

A key to the self-calibradon technique is tJie source and load 
match error removal, also called removal of switching errors. 
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Fig. 9. Farwarc] and rr-vfirsf' paths and signals measured in the TRL 
call brat inn t e i li ntque. 

This is iiccumplisJied iu both the HP S510 and the HP 872C!iD 
Option 400 using tlie algorithm described by Rytting^ (see 
Fig. 9). 

Etyt ting's paper gives equations relating the measured values 
of the t lev ice's s-parameters to the actual values for the gen- 
erali5!ed condition in wliich die source and load impedances 
are not equal to an ideal 50-ohm impedance. Rew riting these 
equations using notation unique to the HP 8720D family 
gives: 



Siini = [(a/ri)-[a7r20(r2/ri)l/d 
S2lm = [(b/ri}-'(b7r2')to/ri)]/d 
Si2[n = [(aVr^O - (a/rO(riVr2')]/d 
s2ani = Efb7r20-(b/ri}(ri7i^0J/cl 
where ci = 1 — (r9/ri )(ri7r2') 



m 
m 

m 
m 
m 



kmd tbe lollovving are complex numbers: si^j^^, is the niea- 
stired \'alue of s-parameter s^^^^, a is tiie A sampler's measure- 
ment, b is tlie B sampler's measurement, r^ is the Ri sam- 
pler's measurement, and r2 is the Ro sampler's measurement. 

The prime sign C) refeiis to the reverse jiath as opposed to 
the for\vard path of tlie test set. Ideally, when r9 = and 
rf = 0, the switch patli has perfect Z,j impedance, d = 1, and 
the s-parameters reduce to the single-tenn ratios. 

In the HP 8720D family, tlie intennediate frequency (IF) paths 
for measuring die reference signals r; and ro aie uxiplemented 
by an IF multiplexing boaid described later. Because of the 
arclutecture of this boai'd, the magnitudes and pliase shifts 
through the various paths are not perfectly balanced. What 
is inipoitaut, however, is that ail of the ratios are made rela- 
tive to the same reference IF path. 

hi the l]P S720D, the ratio a/r j is measm'ed using the A IF 
patli and the R IF path, bVra' by the B and R W paths, and so 
on. Tlie ratios r^/ri and riVr^' are measLuetl using only the A 
and B IF paths. 

To establish some notation for this, we will use (^ and capital 
letters to refer to the IF paths used. For example, a(g-A is the 
measurement of a using the A IF path. Tlius, the five equa- 
tions above become: 

si un = |(a@A/ri@'R) - (a'@ A/ro'^^ R)(r2<^ B/ri(g Ajj/d (6) 

^2\m= [(b@B/ri@R) - (b'@B/r2'@B)(r2@B/ri@AJ]/d (7) 
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si2m = [(a'@A/r2'@R) - (a@ A/ti@R)Cri'^A/r2'@B)I/d (8) 

S22m = [0>'@B/r2'@R) - (b@B/tj@R)(ri'@A/r2'@B)l/d (9) 

d =^ 1 - (r2@B/ri@ A)(ri '(i A/r2'@B). (10) 

If you look at these equations carefuUj^, you will noie that 
the measurements of the reference ratios rg/ri and ti/f/ are 
not made relath e to the R EF path, but the other measure- 
ments ar€. Some means for correcting for this difference is 
needed. Tlie HP 8*^00 allows measurement of r2 using both 
the R and B paths, and measurement of ri by both R and A 
(see Fig. 10). The correction for IF path differences can be 
reconciled by: 

(r2<iB/ri@A)Cr2@R/r2@B)(ri(i'A/ri@H) = r2@K/ri@E (11) 

(ri'@A/r2'@B}(ri'@R/ri'@A)(r2'@B/r2'@R) = ri'(i^R/r2'@R (12) 

Since r2 is the same signaJ to both the R and B paths, the 
measurement ratios for forward and reverse are equal: 



r2@B/r2@'R = r2'@B/r2'@R 



(13) 



This ratio can be syTnboiized as r2refcomp for r2 reference 
compensation. 



LLkev^Tse, for rj: 

ri@A/ri@R = rf@A/ri'@R 
This can be called rirefcomp. 



(14) 



Rewriting equations U and 12, the reference ratios are now 
compensated for the IF path diEferences: 

(r2@B/ri@A)(rirefcomp)/(r2refcomp) = T2@Wti@R (15) 

(rx'@A/r2'@B)(r2refcomp)/(rirefcomp) = ri '@ R/r2'(^'R (16) 

The original equations 1 through 6 can now be used, as long 
as the reference ratios are compensated as shown in equa- 
tions 15 and 16. 

10-MHz IF Multiplexing Board 

The HP 8720 family of network analyzers was originally de- 
signed with three receivers based on the HP 8753 IF process- 
ing hardware. The first converter, however, was leveraged 
flrom tlie HP 8510 netvtork anal^^er, which has four receivers. 
Thus, there was a place in the first converter of the HP 8720 
where a fourth receiver could be added easily^ but there was 
no fourth channel in the IF processing hardware to connect 
to its output. Tlierefore, a four-channel-to-three-ch^mel 
multiplexing circuit was added to the HP 8720D, between 
the four first-converter outputs and the three second con- 
verters (see Fig. 10). This circuit switches the 10-ROlz IF 
signals so that all four channels can be measured and TRL 
calibration and error correction can be performed properly 
in the Option 400 models. In a standard i:hree<'hamtel instru- 
ment^ this circuit does nothing (the switches are always ieft 
in the same positions). 

At first glance, it would seem that only the Ri and R2 chan- 
nels need to be switched, and the A and B channels could go 
straight through. This would allow measurement of all four 
charmeLs; Ri, A, and B in the forward sweep, and R2, A. and 
B in the reverse sweep. Unfortunately, this would not satisfy 
the requirements of TRL calibration. During the cahbration 
process, it is required to measure the vector ratios R\/R2 and 
R2/Rb so the additional switching of Fig. 10 is needed* 



Design considerations for the IF multiplexer board were: 

• Zero-dB insertion gain 

• Harmonic distortion below - 50 dBc at - 10 dBm (Ml scale) 
for good measurement iinearitj' 

• Noise low enough to have iitUe effect on the overall instru- 
ment noise floor 

• IF cross talk between chaimels less than — 100 dB. 

The circuit design uses a commercial low-noise IC \ideo 
operational amplifier with a disable input pin. When dis- 
abled, the amplifier's output is a high impedance, so two of 
these ICs can be used as a SPDT si^lieh by simply connect- 
ing their outputs together (Fig. 11). This design was pre- 
ferred over a video switch because it made it easier to 
achieve high isolation and it has simple, high-impedance 
input, low-impedance output interfaces. Each ampliJIer has 
off-isolation of 60 to 70 dB, so t^^o are cascaded together in 
each signal path to give gieater than 120 dB- 

The output noise power of the IF switch circuit is — 123 dBm 
in a 3-kHz bandmdth, which is 113 dB below fiill scale. The 
overall instrument has topically 100 dB of d>Tianiic range in 
a ^3-kHz band^^idth, so the IF sv^itch contribution is negligible. 
Second and third harmonics are typically — 56 dBc at a 
— 10-dBm output level. Careful consideration of gains and 
attenuation in the switch circuit was needed to arrive at a 
good compromise between low noise and low distortion. 

The most difficult design goal to meet was the switch off- 
isolation, which diiectly affects the instrument's cross-talk 
specification. Several iterations of the circuit design and 
board layout were required before the goal was finally met. 
Carefiil layout, use of multiple ground planes, and bj^passing 
the power and switch control signals ail played a part. But 
the most I'exuig problem by far was how the sampler output 
signals were brought onto the board. These four signals 
originally entered the board from the instrument's mother- 
boai'd tiu-ough two pin-and-socket coimectors, but the best 
performance that could be achieved with this aiTangement 
was only 90 dB of isolation. It was extremely difficult to 
attenuate the radiation from the connector pins sufficiently. 
Eventually, the design team chose to bring the signals onto 



Rrst 

ConvortQrH 



Multiplexer 



Second 
Converters 



©-KD-^ 



A IF 



+0— ► 



©— *© f 



©— KD— ' 



*-^- 



RIF 



i 



♦©— ► 



^•^y 



BtF 



♦©— ► 



-o 

f-O- 



To Main 
-► Phsse-Leclced 



Fig. 10* Four-channel-to- three-channel IF switcliing. 



April 1997 Hewktt-Packan] JournaJ 75 



)Copr. 1949-1998 Hewlett-Packard Co. 



iooa 



422fl 



GSIGl 



68112 



Control — # 




196£2 



Fig. 11. 10-MHz TF ss^-itch. 



the board iii flexible coax cables, wliich was deemed a better 
solution than trying to sMeld sections of the connectors 
with chiborate sheet-metal parts. The final design achieves 
less than - 100-dB cross ttilk between all channels, with 
topically - 120 dB in the most important cross talk pat!is, 

SniiiTe Frequency Control Techniques and 
Impro veme nts 

The n\ain components of tlie HP S720D network analyzer 
source are a microwave YIG oscillator, a sampler, a frac- 
tional-N synthesizer, a pulse generator, a main phase- lacked 
loop circuit, and a YIG driver, as shown in Fig. 12. Fig. 13 
shows the main phase-locked loop circuit. 

The source uses a master-slave teclniique to control tlie \TG 
oscillator frequency based on harmonic multiples of the 
fractionaJ-N synthesizer output. To set the output frequency, 
I he YIG oscillator is tirsl; pretuned to the start frequency by 
setting a cligital-ro-analog cornerter (DAO l(j a value thai 
was previously derived during cdibraiion. The output of the 
DAC is apphed to the YIG oscillator driver circuity establish- 
ing the ^TG frequency setting, Tlus simple tuning teclmique 
is only sufficient for a rough Timing of the oscillator. The 
output is neither precise enough nor stable enough for net- 
w ork analysis. The fractionahN s>Tithesizer is tuned to a 
frequency that is detenniued by tlie foiinula: 



^fcajcn ~ 



+ fif 



N 

where ff^^-ri is tlie fiactional-N synthesiser frequency, fsrc is 
tlie YIG oscillator frequency, fjf is the uitennediate frequency 
(10 MHz)* and N is the harmonic number. 

For example, for a source frequency of 10 GHz, the frac- 
tional-N fi'equency would be: 



fi 



fratn 



10 ^^>+ IQ^ 
58 



- 172.536207 MHz. 



Once the YIG oscillator is pretiuied mid the ftacdonal-N" 
synthesizer frequency is set, the m^un p litis e-locked loop is 
closed and lock is acquired. The fractionai-N frequency is 



then swept. Since the YIG oscillator is phase-locked to the 
fractioual-N synthesizer, it also sweeps at a rale of N times 
the fraclional-N sweep rate. 

One of the limitations of the master-slave tuning technique is 
the YIG oscillator band crossings. Tile YIG oscitlalor can be 
tiuied over a witk^ frequency range that in eludes^ several 
harmonic bands. The fractionai-N synthesizer has a typical 
range of 120 to 240 MHz. To sweep the YIG oscillator over 
its full range requires several band crossmgs, with relockuig 
of the main phase- locked loop at each band crossing. To 
avoid pretuning at each hand crossing, a sample-!:md-hold 
circuit is iiicoiporated as part of die miilin phase-locked 
loop. In operation, the tract ional-N synthesizer is swept over 
its range with die YIG oscillator following. Once the frac- 
tional-N s>Tithesizer has reached its maximum frequency it 
must be reset and the YIG oscillator re locked to die next 
iuirnionic coolly tootli. The YIG oscillator tmiing voltage is 
held constant hy die sample-and-hold circuit whOe the frac- 
tional-N s\Tithesizer resets to the start of its range. Mter 
resettmg, the loop is closed and lock is reestablished ai the 
same frequency, but locked to a new harmonic comb toodiJ^ 

The ^TG oscillator frequency is determined by the amount of 
<njrrent flowing in its main tuning coil Tlie transfer furKtion 
relating main coil current to ouq:jut frequency is somewhat 
nonhnear. Tliis makes pretmiing the YIG oscillator difficult, 
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since a pretune DAC value most be derived for each pretuiie 
frequency- Ptevdous techniques used a multispline, piece- 
wise linear cune fitted to the tuning cur\e of Liie oscillator. 
Ho\ve%'er, this complicated the pretune calibration process 
Hi! ; ! 1 -re was \he potential for errors resulting from inaccu- 
latv t uive fitting. 

Anoliier difficultj^ is YIG oscillator hystere:^is. A given aniotiiit 
of cunent apphed to the niain tuning coil will result in a dif- 
ferent fr€*quency output depending on the previous frequency 
For example, if tl\e oscillator had pre\iously been set to 
ZO GHz. and then 1 n\A were applied to the main coil, the 
resulting output trettuency would be several MHz different 
from the frequency that would result if the prenotis freqtien- 
ry had been 3 QUi. This hysteresis effect results in inaecu- 
racy when pretuning and potential false locking to die wrong 
harmonic comb tooth (N). 

Lmprovements in Frequency Twining and Control 

HysteresLs effects of ferromagnetk; material at e well-under- 
stood and were used to advantage in early conipnters' core 
memory banks. Hysteresis effects can be minimized by set- 
ting the main ttming coil of the YIG oscillator to zero before 
pretuning. This Lii effect erases the oscillator's memoiy of 
the previous output frequency. 

To avoid the nonlinearity of the YIG osrillator tuning ciin^e 
the technique of prettuiing close to the actual st^t fr«|uency 
was eliniinate<l The new technique now pretunes to the YIG 
oscillator's minimum start frequently regaixiless of Uie actual 
desired start frequency, and the YIG is then swept up to the 
desired start freqtiency. Tliis simplifies tlie pretune calibra- 
tion process, since only one DAC ntmiber is necessary for 
pretuning. No ctirve fitting is required, since there is no 
longer a curve to fit. This prettming works well with setting 
the main coil current to zero to minimize hysteresis because 
the YIG is then already at the minimum of its tuning range. 

Tlus tuj^ig tec^itniqtie solves the two difficult prolileins of 
tuiiiitg cune nonlmearity aitd YIG tuning liysteresis. How- 
ever, repeated nanowband sweeps at the upper end of the 
YIG oscillator's ttming range restilt in long cycle times. sinc"P 
the YIG must sweeyj from its ntinimum start fretjiiencry up ttJ 
its tipper frequency limit on each sweep. Setting the maiti 
tuning coil current to zero to minimize hysteresis also adds 
to cycOt^ time, since the time t:onstant of die laige-uiductajice 
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Fig, 13. HP ^720D n^n phase* 
kifked loop block diagram 

main tttning coil must be taken into consideration. The solu- 
tion to correct for the long cycle time was to allow for 
s^veeping the \1G oscillator backwards as well as forwards. 

To illustiate the technique of sweeping backw* ards versus 
pretujting, take the example of a sweep fii-om 19 to 20 GHz. 
Using the prettming techniqtie for all sweeps %vould restdt in 
crossing througli four bands, with die subsequent delays 
resulting from four fractional-X frequency resets as well as 
the long <3elay required for reselling the main coil ctirrent to 
miiUrtiize hysteresis effects. Sweeping backward front 20 to 
19 GHz requires no pretunmg and no band crossings, and 
therefore results iit a much faster cycle time for network 
analyzer measuretnents. 
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Optimization of Interconnect 
Geometry for High-Performance 
Microprocessors 

The goals Df the work presented in this paper were to estimate 
quantitatively the impact of interconnect technology parameters on the 
performance of high-end microprocessors and to use this information to 
optimize the interconnect geometry within the constraints imposed by the 
process. The 64-bit PA 8000 microprocessor was used as a test case. 

by Khalid Rahmat and Soo-Youiig Oh 



For the past two decades tlio driving force for integrated 
circuits has been scaling of both the devices and the inter- 
conne<'l* This has yiel<ied ftuster imd denser chips witii ever 
increasing fimctiondity. Todays liigh-perfoiTiiance jnirro- 
processoi^ Jiave 4 to T) jnitlion logic iransistors^"'- and oper- 
ate in tlie frequency range of 200 to 250 MHz. To stay on the 
trend for CPI • perfonnance gains, the next-general ion pro- 
cessors wiU likely have clock speeds of 400 to 500 MHz and 
have lip to 10 million transisttjrs tor the logic iniplenietita- 
tion.' The design and niaiiufacture of systems tliat provide 
such perfomiimce will require careful attention to all pro- 
cess, device, and circuit issues. 

In particular, the intert^onnetl sj^steni for the next-gene rati ort 
CPl-s neeils to sustain the burden of connecting 10 million 
transistors with 5 to 6 metal layei's over a 2-cni die witli a 
clock cycle o[2 to 2,5 ns. Because the mterconnect system 
affects the manufacturing yield, reliability, perfonnance. and 
design complexity of a CPVf, ii cannot be optimized in isola- 
tion but rather must take into account all these aspects. 

The goal of the work presented in this paper was twofold. 
First, we wanted a quanthative estimale of the impact of 
intercomiect technology paianieiers on the pertormarice of 
high-end microprocessors. Second, we wanted to use this 
information to optiniLze the interconnect geonietiy within 
the constraints imposed by tlie process. It is well-known that 
intercomiect will become an uicreasingly significant factor 
in tlie design of future high-peifonnance processors.^- ' 
Therefore, it is important to tienchmai'k the ciuient technol- 
ogy^ with realistic process paianieters and circuit designs. 
Tlie detailed layout and extiacted data for the HP PA 8000 
microprocessor 1 provided an ideal test.bed to perform both 
of tliese tasks. 

Two criteria were used for optinn^ation: delay or rise tune 
(they have veil," similar characteristics) and cross talk 
noise. *^^ Tlie optimization was peri:briiwd only for the global 
(block-to-bh>ck) routing consistiug of metal layers 2, 3, and 4. 
Because the longest signal wires are usually at Uiis le\el of 
routings optimizing these layers has the most direct imt>act 



on system performance. For optimization, we only consid- 
ered nets that had marginal timing b^ised on the expected 
perfonnance tai gt'^t for the processor. 

Optimization Methodology 

Our optimization approach is as foUow^s: 

L Determine the timing-critical nets using a global static 
timing siinttlator 

2. From this set of nets select a sample that has significant 
global interconnect. 

3, Extract tlie driver sizes and wire lengtlis for this inter- 
connected onunated subset of the global nets. 

4, For these global interconnect doniinatefj nets, determine 
tlie sensitivity tt* all intercomieci paiameters: metal tliick- 
ness, width, and space and dielectric tliickness. 

5. For two of the most sensitive parameteis perform two- 
dimensional optimization to determine the best design point 
for each metal layer considered (metal 2, S, and 4). 

The total wire capacitance and cross taik are calculated 
assuming a dense geometry' w ith neighboring lines witliui 
die plane of the signal line mu\ giuund planes alujv e and 
below, as showii ijt Fig. 1 . The wiie capacitance is obtained 
usuig the field soh er RAPIiAEL hi 2D, and the cross talk 
and delay are obtauied from SPICE simularions using the 
couplmg imd total capacitances geneiTited from RAI^HAEL. 
Tlie cross-tallv noise and delay were simulated in worst-case 
situations. For delay this means that the neighboring lines 
were s\\itclung simultaneously in the direction opposite to 
the signal line, and for cross talk the victim line was quies- 
t^ent while ttie neighboring lines switched simultaneously in 
die same direction. 

Results 

Fig. 2 show^s the distribinion of nieial lengths among the 
nets that faile<l tbe timing criterion at the target fret|uency, 
A signitlcaiit number of critical nets ha\'e long metal 2 and 
metal 4 hues w^hile metal S is usually much shorten This is, 
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Fig. L Schematic of the inE^rcoimeci parameters considered for 
optlinization. 

of course, a direct consequence of the orthogonal channel 
routing scheme used by the HP-proprietary automatic router, 
PA-ROUTE, The other salient feaiiu^e of Fig. 2 is the iarge 
number of nets that ha\^e 5 to mm of metal 2. Similarly, 
Uiere is a secondaiy peak of 4 to 5 mm for metal 4. Thus, an 
obilous target for optimization is wires that have this typical 
long length. We did not select the longest wires for optimi7.a- 
tion because they were not typical. 

The drivers for all of the nets stnjdied were approximately 
44 um wide (W^ = width of n-channel transistor = 44 urn; 
Wp = width of p-channel transistor — 2Wj j. The drivers 
were large enough that the delays and rise times were deter- 
mined prnuarily by the interconnect and not the driver size. 

Metal 2 Optimization. Using tlie strategy outlined above, we 
considered netl, wliich lias a length of fi.S mm in rnetal 2, 
3.6 mm in metal 3 and 0.9 mm in metal 4. Fig. 3 shovi's the 
impact on cross-talk noise and rise time (at the load ) of 
varying only one interconnect parameter wluie keeping all 
others constant. The nominal values for the metal 2 parame- 
ters are: 

• Metal width = 1,2 f.tm 

• Metal thickness = 0,7 (tm 

• Metal space = 1.2 ftm 

• Dielectric thickness = 0.95 ftm. 

It is clear from Fig. 3 that the tw.^o metal 2 parameters to 
%vhieh die rise time is most sensitive are the met^ width and 
thickness. Thus, the next step in oiu- optimization strategy 
varies these two parameters sunultaneously to generate a 



two-dimensional contour plot of rise time and cross-talk 
curs'es, as shown in Fig. 4. W'hen we vary the metal 2 width 
we keep the pitch constant, i^iiich is a more realistic situa- 
tion than allowing the pitch to \"aiy, too. To reduce the rise 
time, either the width or the thickness (or both) of metal 2 
lines must be increased For example, going &om width 
— L2 urn, space = L2 ^m. and thickness = 0.7 ^mi to 
width =1.4 ujiL space - LO ^im. and thickness - 0.8 ^im 
will >ield a reducrion in rise time of almost 150 ps (14%). 
From Fig. 4. it can be estimated that this change will pro- 
duce an increase in worst-case cross-talk noise of less than 
100 mV to about 0,52V which may still be acceptable. 

Metal 3 Optimization. We proceed here just as in the case of 
metal 2 by first choosing a net that has significant length in 
metal 3. In this case this is net2 which has 0,7 ntm of metal 
2, 3.3 mm of metal 3, and 2.3 mm of metal 4. The nominal 
metal 3 parameters are: 

• Metal width =1.2 (.im 

• MeiaJ thickness — LI [im 

• Metal space = 1.2 jim 

• Dielectric thickness = 0.95 \xm. 

Because of the relatively short length of the metal 3 lines, 
the rise time is not ver>^ sensitive to metal 3 parameter, as 
sho^'ni in Fig. 5. Of the four parameters, the sensitinty is 
greatest to the metal 3 spacing atid the thickness of tl\e di- 
electric. As before, we choose these two parameters (while 
keeping the metal 3 pitch constant) to peiform a two dimen- 
sional optimization as shoT^m in Fig. 6. The rise time car\ be 
improved by using a slightly narrower width (width = 
LO fim, space = L4 j.an), but the absolute improvement is 
small (20 ps). 

Metal 4 Optimization. For metal 4 we used net3, which has 
1 .3 mm of metal 3 and 6.2 mm of metal 4. The nominal 
metal 4 (dimensions are: 

• Metal width =L6(.im 

• .Metal thickness = L2 jtm 

• Metal space = 2.4 ^m 

• Dielectric thickness = LOS ^m. 

For metal 4, the rise time is most sensitive to the metal spac- 
ing and the dielectric Oiickness as seen in Rg. 7. tiowever, 
for the nominal metal 4 spacing of 2.4 ^mi. the rise time is a 
fairly smooth function of spacing, so the spacing between 
metal 4 lines could be reduced (while keeping the width 
const^im) by up to 0,4 imr without increasing the delay signifi- 
cantly. Thus, the pitch could be reduced vrithout adversely 
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impacting the delay. If the goal is to reduce delays, then two- 

diniensional optiniizaUon reveals tjiat the rise time can only 
be improved by using a narrower metal 4 and a thicker di- 
electric as sho\\Ti in Fig. 8, Cross talk is a much smaller eon- 
cem here because of the ^\ide spacing between meial lines. 

Conclnsion 

The main results of this study are as follows: 

• Global routing in metal 2 wires causes significant delays 
because of the high resistance associated with this [ayer. 
The delays can be reduced by increasing the metal tliick- 
ness and by increasing the metal 2 width even if the metal 2 
pitch is kepi constant. 

• l\picaJ lengths of global interconnect in meial 3 are rela- 
tively short. Therefore, delays incurred because of routing 
in metal 3 are minimal. Hence^ the opltmizaiion for mei-ad 3 
should be primarily based on performance within fimctiotml 
units, 

• For metal 4, the delays are primarily affected by the capaci- 
tance of the lines rather than the resistance^ since the thick- 
ness is substajitially greater than for metal 2. Therefore, 
shorter delays requup thicker dielectrics and nairow^er metal 
lines when constant pitch is assumed. 

In our study the gains in perfonnance of up to 200 ps can be 
obtained by wire optimization within reasonable process 
paiameters. A simple example will illustrate the impact of 
an improvement of this magnitude on the cycle time of a 
microprocessor. Consider a hvpothetical processor fabri- 
cated in a manufacturing process that .fields a nominal cycle 
Lime uf 4.0 ns (250 MilzJ, with a standaid deviation, iJissuming 
a normal distribution around the mean of 0.3 ns, hi this case, 
only 7.6% of the devices will have a ^peed of 280 MHz or 



greater. If the nominal design is changed to reduce the cyde 
time by just 200 ps, then the fraction of tlie devices yielding 
above 2S0 MHz wiU increase threefold to 22,2%, Thits, a 5.0% 
reduction in the nominal cycle time produces a 200% increase 
in the niunber of the fastest deiices. \^ hich command a pre- 
mium because of their high performance. 
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Designing, Simulating, and Testing an 
Analog Phase-Locked Loop in a Digital 
Environment 



In designing a phase-locked loop for use on several HP ASICs; the digital 
portion of an existing phase-locked loop was transferred to a behavioral 
VHDL description and synthesized, A behavioral model was written for the 
analog section to allow the ASIC designers to run system simulations. A 
new leakage test was developed that has been very effective in screening 
out process defects in the filter of the original design, 

by Thomas J, Thatcher, Michael M. Oshima, and Ciiidy Botelho 



Ttiis paper ilc^smibes tin* tlcsign aiid iiilc^gral ion proress for 
a phase-locked loop that is being used on severaJ currpni HP 
ASICs (applicai ion-specific integrated circuits). The design 
is based on the pliase-locked kjop for a previous ASIC, but 
several improvernenls were made. First. I he digital [>orlion 
of tiie phase-locked loop was transferred to a behavioral 
\HDL'^' description and syinbesized. Reusability was a Ing 
consideration in \\ritmg tlie rode. Tht' jiortal)ie naUire of the 
\'TIDLcode enaliled us to design several phase-locked lorjps 
wittiiji a ver>' stioit time. Second, a behavioral nioclel was 
written for the analog section to allow^ the ASIC designers 
to nin system simtdations. This model, W'hen combined w ith 
tbe nu>del for the digital flection, allows the designer to sim- 
ulate the pluise-lcM'ked loop as ii locks — il does not merely 
put out an ideal clock wavi^fornv. Finally, in a previtjus ASIC, 
a large resistor and capacitor m the loop filter were not ade- 
quately tested. For tlie new phase-locked loop, we developed 
a leakage test that has been veiy^ effective in screenuig out 
luocess tlefects in the filter. 

All analog phase-locked loop presents several challenges to 
designers in an aU-digita] design en\Ti onnient. Some all-digital 
simulators* such as Verilog XL, cannot represent analog sig- 
nals easily. System designers must either use a mbted-mode 
simulator to represent the analog portions of the phase- 
locketi loop, or use a simiHif'ied model t>f the phase-locked 
loop. In ASIC prodticlion test, limitations of the production 
test equipment must be taken into account. For exam[3le, 
an analog measurement may take a long time to complete. 
Also, fujictional testei^s cannot measure bequeiicy so it is 
flifficult to determine that the phase-locked loop is operating 
properly m production test. 

Previous Phase -Locked Loop Design 

The previous phase-locked loop design appeai'ed on an 
ASIC, where its purpose was to accept an mput clock (tlie 
\ideo clock) mul generate the system clock. Hie clock sig- 
rml output from the phase-lt>cked loop wtis modulated so 
that the output clock frequency altetnated back and forth 

' VHDl. stands far M&y High-SpaBd imegrated CfrtuJt HanJware De^rijatiDn Lang uafle. 



I^etween two fret|uencies slightly above mid below the target 
system clock frequency. This frequency modtilation of the 
system clock was required by the system in which the jjre- 
%ious design was used. 

The l)lock diagram of the previoiis phase-locked loop is 
shown in Fig. I. The loop consists of an input counter 
(divide-by-M). a feedback counter ( divide -by-N ), a phase- 
frequency detector, a charge jiump and filter, a voltage- 
controlled oscillator r\^CO), tuid other digital control logic- 
The input counter divides the input clock by either Mhigh ^^ 
^him- 1 1 produces an outpul pulse (FREF) that is low for one 
clock cycle and high for the remaining time. The feedback 
counter divides the VCO f>uff>ut tiy Niiigji or Ni^j^v* h prodtices 
an out|"jut pulse (FSAK) that is low for tw^o clock cycles. The 
phase-frequency detector examines the relati\'e phase of the 
rising edges of the FREF and FBAK signals mid genemtes pulses 
on the UP and DOWN signal lines. The charge pump uses 
these pulses to at^ust the control voltage for the VCO. The 
output signal is generated by dividing the VCO output clock 
tTV 4, The resulting phase-locked loop output fre€|uency is 
given by: 



f., 



ifN\f 
4 M '^ 



CD 



The control block consists of logic that selects one of the 
operating frequencies. A state macliine in tMs block controls 
the modulation between the upper and low er frequencies. 
In normal mode, the control logic sets the iihasc-locked loop 
to the upper frequency when it is reset. The loop remauis at 
the upper frequency imttl the control block receives a signal 
that indicates that the loop is locked. After this, the loop 
alternates between the upper atid lower frequencies. This is 
controlled by the N_SEL and M_SEL outputs of the modulator 
coimter. 

Tliere w^ere two main problems with the mtegration of the 
phase- locked loop. The first problem was that there was 
no model of the phase-locked loop in MIDL or Verilog that 
could be used for system simulation. Therefore, no simula- 
tions were run with the clock generated by tJie phase-locked 
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Fig. L Block diagrarn of the origmal phase-locked toop design. 



loop. All simulations were nm with an external clock, using 
a different chip mode. This caused the design team to miss 
a serious bug in the design. When the mode pins were set to 
enable the phase-locked loop, one block inside the chip was 
accidently set mio scan mode. This problem was not caught 
until tlie first prototype parts were placed on a board. 

The second problem encomttered with this phase-locked 
loop design was a high production line failure rate. The 
phase-locked loop tests were not catching all the defective 
parts. Analysis of the returned parts showed that the failures 
were caused by defects in the resistor and capacitor in the 
loop filter, wiiich caused excessive leakage, changing the 
filter characteristics, Tlie production tester had no way to 
test for tills, so a new test had to be created. Here the lack 
of a good simulation model for the phase-locked loop wim a 
real handicap. The original tests for the phase-locked loop 
were debugged on the tester. When trying out new tests, we 
had no way of simulating them to verify then* correctness. 
Thus, it took two or three iterations before the tests were 
correct. 

New De^i^ Approach 

Other ASICs being designed by our design center required 
phase-locked loops with similar characteristics, Tliese 
ASICs were designed in a different nianufacturing process. 
Therefore, the phase-locked loop had to be redesigned so 
that it would be leveragabie to niai\y different chips. As a 
result, it was decided to break up the design into two parts 
(Fig. 2), The digital logic wouki be designed using a VHDh 
synthesis strategy. Behavioral \T1DL code would be written 
and then syntliesized uito our standard cell library'. The code 
would be written so that it w^as easy to customize for new 
projects. Once the synthesis was complete, the netlist for 
the <iigital block would be routed and then mtegrated into 
the top level of the phase-locked loop. Tlie analog portions 
of the phase-locked loop would be designed using a full- 
custom 1 methodology. We w^ould leverage the analog blocks 
from the previous phase-locked loop, but they miglit have to 
be modified and resimul filed. Every new phase-locked loop 
design would undergo a final st^bihty analysis. 



Model Structure 

In the current design flow, the customer designs Oie chip by 
writing behavioral code in \T1DL. synthesizing the design, 
and rmming final simulations in Verilog. To have a phase- 
locked loop model available for system simulations, we 
needed both a VHDL model and a Verilog model. The stmc- 
ture of the model is the sanie for both VHDL and Verilog, 
In ihe top level of the model are a digital part and ai^ analog 
part. The model used for the digital part is simply the gate- 
level netlist for the digital block. Delays were calculated 
from the routing capacitance and w^ere back-annotated 
using Standard Delay Formal ( SDF). The model for the ana- 
log part was written separately in VHDL and Verilog, These 
models were written at the behavioral level 

The logic for the digital section of the new^ pha^e-locked 
loop was highly leveraged from the old design, hi most 
cases, the original phase-locked loop schematics were used 
as a guide, and the \T^IDL models for all the blocks inside the 
digital section were written so that the synthesis tool would 
produce equivalent logic. Constants were used in the code 
so that the design could be easily adapted. ITiis made it nmrh 
easier to change the design when specifications changed. 

The analog section of the phase-locked loop was modeled in 
two parts. The first part modeled was the phase-frequency 
detector. The phase -frequency detector puts out a pulse on 
either its UP or DOWN output whose \\idth c^iuals the distance 
betift'een the rising edges of the dixider outputs FREF and FBAK, 
The state table for the phase-frequency detector is shov\T\ 
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Fig* Z. Structure of the phase-locked loop model. 
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Fig, 3* St^te table for the phase-frequency detector. 

in Pig. 3, This was a faifly straightforward model to wTite, 
since the inputs and outputs were digital signals. 

Mode! for the Charge Pump and VCO 

Finally, a model needed to be written for tlie charge pump, 
filter, and VCO. A simplified model of the charge pimiji and 
filter is shown in Fig, 4. A positive pulse on the UP signal will 
cause the voltage on VCNTL to rise, and a positive pulse on 
the DOWN signal will cause VCNTL to fall. The filter is added 
to ensure the stability of the loop, 

A model was needed that would not slow down the simula- 
tion too much, and that could be written easily in both Yen- 
log and VHDL. One problem with Verilog is that there is no 
easy way to define analog signals (allhougli they could be 
represented with arrays or integers). 

This problem was solved by using a variable of type time to 
represent the period of tlie VCO outpiU clock. As pulses on 
the UP and DOWN signals arrive at the charge pump n^odel, 
the length of the period is ac^justed accordmgly. The model 
calculates the width of the pulse on the UP or DOWN signal 
and divides by the maxkniun period comit to determine the 
amount of correction to the period. 
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Fig. 5. Ope nation of the charge pump. 

The model operates much differently than the analog circuit. 
The operation of the ai^alog ciicuit is shown in Fig. 5. ^\Tien 
the UP signal is high, the chaige pimip chaiges C\ and the 
voltage VCNTL rises. When UP is low, charge shifts from C^ to 
C^ through the resistor and VCNTL falls. 

In the simulation model of the charge pump and VCO, the 
model calculates the width of the pulse on the faUing edge 
of the UP signal. It then apphes the correction to the period 
of the VCO, Some time later it will reduce the correction by 
half. Tills roughly approximates the rise and fall of the VCNTL 
voltage in the reaJ circuit. The operation of the model is 
shown in Fig. 6. 

In practice, this model works veiy w^elL The mode] locks to 
the proper frequency, and if modulation is used, the phase- 
locked loop will modulate between tlie proper tW'O frequen- 
cies. However^ tlie ti"ansition from one frequency to another 
will be much different from the actual phase-locked loop. 
Typically, the model locks much faster than the actual circuit 
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Fig. 4, Simplified charge pump aiid filter model 



JFlg. 6. Operation of the charge pump model 
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Process for Developing New Phase-Locked Loop 
Designs 

The intent from the beginning was to create a design that 
was easy to modify and adapt. Each ASIC has its ovvn re- 
qoirements for the input and outpiit &eqiiencies. Here is the 
procedure for developing a new^ customized version of the 
phase-locked loop. 

1. Copy the \'HDL t'ode jor the digital block and make 
changes to customize the code. Csuaily this in\ olves chang- 
ing constants in the code for the M counts, the N counts, and 
the modulation counts. 

2. Simulate the entire phase-iocked loop in \1IDL to make 
sure tliat the operation of the digital block is correct. 

3. Synthesize the digital logic using Synopsys. 

4. Ha^'e tlie resuJting netlist ijlaced and routed in a block. 
We use Cadences CeI13 to do placement and routing. 

5. Calculate circuit delays from rhe rouring capacitance. 
Calculate RC deia>^. 

6. Bo a timing analysis for tlie digital logic using the calcu- 
lated delays. 

7. Do a logic simulation using the real delays. 

S, Make modifications to the iili'^ise-toeked loojj production 
tests, 

9. If necessary, acytisi the artwork for the analog blocks 
according to the specifications for the new phase-locked 
loop (for example, to ac^just the frequency range of the 
VCO), 

10. Redo the stability analysis for the phase-locked loop, 

1 1 . Place I lie router! digital block into the artwork for the 
tot* -level ijhase-locked loop. 

Modifications to the digital section of the phase-locked loop 
can be done in about a week. This was ver>' helpful for some 
ASIC designs because the s^'stem re<iuirements for the jihase- 
locked loop were changed several limes. Chajiges [o the 
analog section usually take nuich longer. 

Problems with the Model 

The availability^ of the complete model for the phase- locked 
loop was a great adv^mtage. It enabled us to debug produc- 
tion tests for the loop before the cliip was released. In addi- 
tion, it allow^ed the customer to do system-level simulations 
that iocluded the full modulating capability of ihe phiise- 
locked loop. Our customers have iti^ed this capability to 
catch problems in tlie clocking and \u debug corner-case 
problems. However, there were some minor problems with 
the model. 

The first problem Ls that tlie model of the charge pump and 
VCO is veiy sensitive lo Oie sinnikition resolution. Tlie model 
was tieveloped mu] runs fairly well with a resolution of 
10,0 ps, il dues not work wry wcl! when simulations are titn 
with 1-ns resolution. Tliis is because the model needs the 
extra resolution when actjusting the VCO clock pei'iod. 

Tlve second problem is that it is difficult to initialize the 
model. Because tiiere is a feerlback Icjop in the model, un- 
known values present at Uie beginning of the simulation 



propagate around the loop. To get the phase-iocked loop lo 
initialize, it is necessary to put the loop into its digital test 
mode or to force the counter reset signal in the phase- 
locked loop to and then release it. Most people prefer the 
latter option because it requires less effort and doesn't re^ 
quire changing the sj^tem tests. 

Once the model is initialized and nmning, it is slill suscepti- 
ble to I m known values being intiioduced. Since the phase- 
lockeil ItKip contains two asjTichronous clo(*k domains (tlie 
input clock and the VCO output clock), occasionally there 
will l>e a setup or hold \iolation on a synchronizer Hii^nop, 
As a result, the output of that flip-flop becomes unknown, 
and tliis mi known \'alue propagates aj ound the loop. This 
problem could be averted if there were a synchronizer flip- 
Hop model that chd not go lo an unknown stale on a setup 
or hold \ioiation. 

Testing and Test Development 

Our experience witli phase-locked loop designs has showed 
tLs tlie need for more complete testing of the loop. Originally, 
three main tests were create<i for the production test of the 
loop: 

• An analog test ran the ph<^e- locked loop in all functional 
modes, allowed the loop to lock, and then made match 
assertions for and L Tins test only tested that the phase- 
locked loop was pi odncing a clock w^avefoiTn. It did not test 
the fi"e<|uency or duty c^ycle of the loop output. 

• A digital test tested the functionality of the digital block 
through fom' ad-hoc test points inserted in strategic loca- 
tions. 

• A VCO linearity test applied tliree tlifferent clock fret^uencies 
to the clock input of I lie phase-lt)cked loop. The loop w^as 
allowed to lock, and then the control voltage to die VCO was 
measured with the pret^ision measuring unit of the tester. 
Tlie test program then checked that the control voltage was 
higher for higher frequencies. Tliis tt?st was chopped from the 
product ioti test l>er aii.se of concems that the i^u*ge capaci- 
tance of the precision measuring luiit was altering the voltage 
measurement when it was connected. 

These three tests did not fully clover the phase-locked loop. 
The digital logic wjis covei^ed pretty welh and the basic fmic- 
tionality of the analog i>art was te.sted, hut the production 
test chd not catch any [jiuau leter variations thai would cause 
the phase-locked loop to fail to lock. To address this concern^ 
four additional tests were developed for later phaiie-locked 
loop designs, aiTd three of tliese tests ha^^e been incorporated 
into the final production test. 

Lock Test. A test w as needed that vvotild give some indication 
thai tlu^ pluise-locked lot>]j was able to lock. To accomplish 
this, a new* test w^as created. This test checks an uitemal 
signal in the phase-loc^ked loop that indicates that the looi^ 
is close to being locketl. This signal is one of the four test 
pomts that apijear ui tlie phase-locked loop design. To am 
this test, the loop is placed in one of its fLxed fretiuency 
modes and allowed to lock. The internal lock signal is then 
checked to be sure that the loop has locked. 

Clock 1 X Test. Other w ays of testing t hat the phase-locked 
loo)) was able to lock w^ere also iu\'estigated. One test in- 
volved .setting the Ion[] into a fre(|itency mode in which its 
output frequency was equal lo the input frequency Corsome 
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even niulliple). Then the loop was allowed to lock. After the 
loop had locked, the oiitprnt di\1der was reset to make the 
phase predictable, ajid the tioek oiitjiui was strobed during 
the clock low tin\e for 100 cycles. T]wi) the output was 
strobed during the clot^k high time for 100 cycles. The idea 
was that if the pliase-locketl loop was not at the correct fre- 
quency, the pha.se wnuhl drifi and there would be slrf»be 
failures. This lest did not vvnrk veiy well in j>ractice. Wlien 
the loop was put into a chip and sinuilated, the difference 
between fast and slow delays made it impossible to find a 
good time to strobe rhe out|mt clock. As a result, this test 
had to be dropped froni the production test. 

Leakage Test. h\ o(ie ASIC, die phase-locked loop circuit was 
suspected of causing an excessive production line failure 
rate. After son^e iiuesiigation, die filter of the phase-locked 
loop was identifieti as the cause of these failures. Maindac- 
turing defects in the large resistors and capacitors caused 
excessive leakage^ changit^g the characterisiics of ilie filter 
ajid (jrevent ing proper operation of the phase-locked loop. 
To screen out these defects, a new test was developed to 
check the fitter for ex<vssive leakage. In this test, the filtc^rs 
analog signal is multiplexed oul to a dedicated test pin and 
tlu" charge fjanif) t ircuiT is I u rued ofi by means of a contrail 
bit. A voltage of -3,3 volts is ajjplied to the pin and a current 
measurement is done witJi the tester's precision measuring 
unit. Parts with excessive leakage current are discai'deth 
Tlie implementation of this and other phase-locked looj) 
tests has r<.*sulted in a 98% reduction in the line failure rate 
due tfHhc phase -locked loop. 

Charge Pump Tests, Another circuit not adequately tested 
in the original phase-locked loop was the charge putnp. To 
remedy this a new test was developed to ensme that the 
charge pump was able to source and sink cuixent witJiin its 
design specifications. To allow for this test, new cucuitry^ 
was added to disable either the M or N' counter in the digital 



test mode. In tht? test, the chip is put into the digilal test 
mode with the N comiter disabled. A clock is applied to the 
M counter Emd the M comiter is allow^ed to count luitil three 
pulses have occuiTed on it^j output. At this point, the UP signal 
will be high iuid the DOWN signal will be low. The clock is 
stopped at diis point, a voltage of 1.3V is apphed to aii ajia- 
log test pin at the out^Tut of the loop filter, and the curient 
sourced by the chaige pump is measuretl and checked 
against tfie expected ciurent. The same test is repeated, diis 
time disabling the M comiter and allow ing the N counter to 
count until tliree pulses ha\e occurred on its output. At this 
point, the DOWN signal is high and the UP signal is low. A volt- 
age of 1.3V is appUed tcj the analog test poirU and the current 
drawTi liy the chai'ge pump is measured. 

Summary 

We have greatly streamlined tfe*^^|3|3|l^durp for designing, 
integrating, and testing a new phase^locked loop. In many 
cases, changes to the phase-locked loop can be niade by 
resynthesizing kind rerouting the digital block and then per- 
fonning a stability analysis. The customer has access to a 
detailed model of the phase-locked Iooi> in either V^DL or 
\'erilog. and can use l his to lest the proper connection of tlie 
phase-l(K"ked loop and live surrounding system. Production 
tests c^ui be debugged witli sinmlation tjefore they are put 
onto a Tester Unally. stajiciard [)hase-locked loop tests have 
been written Uiat run on our digital IC tester. These tests 
increase the test coverage for the phase-locked loop, in- 
creasing the quality of products shipped with these pliase- 
locked loops in them. 
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Analog Behavioral Modeling and 
Mixed-Mode Simulation with SABER 
and Verilog 

A description is given of specific analog behavioral modeling and 
mixed-mode simulation techniques using SABER and Verilog. Full-channel 
simulations have been carried out on a class I partial response maximum 
likelihood (PRML) read/write channel chip. Complex analog circuits such 
as an adaptive feed-forward equalizer, an automatic gain control block, 
and a phase-locked loop are modeled in detail with the SABER MAST 
mixed-signal behavioral modeling language, A simutation speedup of two 
orders of magnitude has been achieved compared to SPICE. 

by Ben B. Sheng, Hugh S,C. Wallace, and Jame.s S. Ignawskl 



For more tJicUi two tleca<les> the aniiiog IC design I'oniniuiiii^ 
has been relying on variations of the original Berkeley SPICE, 
introduced in the 1970St as the simulation tool for veri lying 
and fine-tuning analog desigiLs. Over the yeai s, rnany en- 
hancements have been [^iit into these different flavors of 
SPICEt while increasiugly more powerful t:ompnters have 
been used for nmnmg these circuit simulations. However. 
SPICE reniains a low-level circnit sinmlator. It prodtices 
acomate results, but is inherently slow; Today's analog and 
mixed-mode designs an^ beeonung increiisingly I'omplex. 
F'unctional shnulations for larger mixed-sign^il designs are 
impractical with SPICE. Meanwhile, as the pressure in- 
creases for low-cost, high-integration ASICs ("systems on 
a chip" ), many analog functions are being tntegruted into 
largely digital chipFi. The need for new sfntuJation methodol- 
ogies is becoming more urgent. 

hi recent years, benefits from using analog and mixed-mode 
behavioral modeling languages have received increased 
recognition. The basic apijroach is to use a SPICE-like 
continuous-time simulator, which provides good accuracy 
in simulations, together with a fast digital sinmlator to give 
orders of magnitude faster digital circuit simtilations. Tlie 
modelii^g language is llexible so ihat designers can model 
analog subsystems in different levels of abstraction. The 
modeling language gives ciesigners control over the trade-off 
between simulation speed and accuracy. 

This paper presents some of the bottom-up modeling tech- 
niques and simulation approaches that have been adopted 
during tite process of modeling and simulating tht^ read- w rite 
channel chip for an HP DDS-3 DAT drive. 

Analog Behavioral Modeling 

The idea of beha\iond nu>deling is not new to analog design- 
ers. Macro models have been wifiely used by BFICE users. 
The newer-generation mixed-mode circuit simulators, such 
as SABER by Analogy. Inc. anci SPECTRE by Cadence De- 
sign Systenis, bic, have greatly enhanced designers' ability 



to model analog ^mtl nuxed-mode circuits and systems by 
providing a flexible behavioral modeling language. Witli this 
modeling language, a designer can belia\ioraIly desrrilje an 
analog or' mixed-mode device or sutisystem at whatever level 
of abstraction is appropriate for a ^\^en simulation acctiracy- 
versus-speed trade-off. One im\ use this modeling lat^gttage 
lo wiile BSIM models for MOS transistors aiid use tliese 
BSIM models to aclueve sinmlation results that m'c as accu- 
rate as those from SPIC^E simularions. The same modehng 
language cafi be used to describe an analog-ro-digital con- 
verter (ADC) beha\iorally without having to refer to any of 
its internal circuit elements. 

Several modeling approaches are dlsc*ussed in this section. 
Based on tlip scopes of these different approaches and their 
simulation speed -vers us-aecuracy trade-offs, they can be 
categorized as either higl^-level medium-level or low-level 
modeling, hi the following subsections, spetific ex;unples jue 
given for high-level and medium-le\'el modeling. x\lthough 
Ifjw-level nuKlelmg is a very imtioilant pan of analog mfnlel- 
ijig ajul suuulation, the tecimiques used to do low-level nK>d- 
eUng are very siniilar to tht^se Lised in higher-level modeling. 
The only difference is that these lechniques are used to 
model much smaller dc\ices, such as MCJSFEI^. diodes, and 
bipolar junction transistors. For brevity, discussion of low- 
level modeling is oniittcd. 

High- Level Modeling 

Migh -level uKxleling lefers to behavioral models that describe 
laige analog and mixeiJ-mode subsystems in a high level of 
abstraction. Tliis approach (>ro\iiles the fastest simulal ion 
speed but the least detaii in the circuits that are nuuleled. 

An ADC can be modeled with a clock input signal tltat trig- 
gers each conversion, mi analog input signal, an analog rel- 
erence signal, and digital outjnUs. hi addititai to this basic 
striKiure, sonu* realistic behavior can be included in the 
niodeL For example, the model can include characteristics 
such as differeruial iujm linearity integral nonlinearity, and 
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1 tenqplate adc elk in re£ b2 bl bO - tau/ tdr dull inl, vmax 
{ 

# Capacitive input load of 1 pF 
c*input_load in = Ip 
5 # Compute a random integral nonlinear ity 
number random_inl = ( 2 * rand ( ) ^ 1 ) * i nl 
when {event_on (elk, clk_laBt) ) ( 

# Looking for rising edges in elk. 
if {elk == 14_1 Sl clk.laet == 14_0) ( 
10 0chedule_event ( t ime, b2, 14_x) 
schedule_6vent (time, bl, 14_x) 
8 c hedu 1 a_e vent ( t ime , b , 1 4 _x ) 

# Tell the analog simulator to step on the clock edge to get accurate 

# analog signal value 
15 schedule_next_t ime (time) 

# Sample input voltage (with eome adjuatment for correct zeroing) 

# and reference voltage 
vref a v{ref) 

vin = vfin) + vref/S 
20 # Error checking 

if (vref < 0) error {"The voltage reference to the ADC is negative") 
if {abs{vin) > vmax) error {"The ADC input signal is out of range") 

# Determine the sign bit 
If {viu < 0) d2 = 

2S else d2 =1 

# Add random differential nonlinearity 
vin = abB(vin) + ( 2*rand { ) ^1) *dnl 

# Clipping the output 

if {vin >^ vref} vin = vref 
30 # Add random integral nonlinear ity 

vin = vin + random_inl* (vref - aba (vin) ) *abs (vinj *4/vref /vref 

if (vin < vref/2j dl = 

else { 
dl = 1 
35 vin = vin - vref/ 2 

J 

if (vin < vref/4J dO = D 

else ( 
dO = 1 
40 vin = vin - vref/4 

} 

# Compute resolution time. If td+t_re solve > 1- clock- cycle, then the ADC is 

# in a metas table etate (a conversion error occur s) 
t_resolve = tau*ln( 2/ (abs (vin) +lu) ) 

45 if (d2 == 1) schedule_event (time+td+t_resolvej b2, 14_1) 

else BGhedule„event (time+td+t_resolvej bS, 14_0) 
if (dl == 1) eoliedule_event (time+td+t„resolve, bl, 14_1) 
else flchedule_event {time+td+t_re solve, bl, 14_0 ) 
if (dO == 1) schedule_event (time+td+t_re solve, bO, 14_1) 

SO else schedul©_event {time+td+t_resolve, bO, 14_0) 



Fig, 1, A behavioral 3-bit ADC model Tviitlen in the SABER MAST modeling language. 

metastability characteristics. A behavioral 3-bit ADC model of functional simulations can be carried out quickly^ but cir- 
wTitten in the SABER MAST modeiing language is shov^Ti in cuit details are often omitted. This type of high-level model- 
Fig. L ing can speed up simulations by at least three ordere of mag- 
nitude compared to SPICE, at the cost of not being able to 



As can be seen in this example, high-level modeling can be 
UBBd in describing analog and mixed-mode subsystems, v\ith 
some detail included. This particular approach is suitable 
for furictional smiulations of large systems, A iaige number 



simtilate the fine details in the circuits. 
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For complex nuxed-signaJ designs, chi{>'le%"el coimecth^ty 

\'eriflcation is often a problem, since neither iraclitional ana- 
log simulators such as SPICE nor pm-e digitaJ simulators 
such as \'erilog catK for example, check voUage reference 
levels or conmion-mode levels of di0erentiaJ signals. One of 
the most important benefils of using high-level models is the 
ability to verify top-level eireuii connectivity^ when the final 
chip is composed. One specific example is given m the ADC 
model of Fig. 1. Line 21 checks that the reference voltage to 
the ADC is not connected incorrectly (negative reference). 

Another key point is the ability to do arm log assert lotL 
Traditional graphical analog postprocessors work well if 
there 3iTe a manageable number of signals and tinie windows 
10 look at— in other words, when dealing vnth simulation 
results of a relatively small circuit. For system-level simula- 
tions, in which multiple complex analog blocks interact ^vith 
eacfi oiher and himdreds of signals are changing constantly, 
it becomes very' difficult to track all the important signals to 
make sure that all the circuits Lire operating within their 
specif ed parameiei^. The analog modeling language aOows 
designers to put specific assertions in the models to monitor 
the analog signals and give warning messages or even ab<:)rt 
simulations when the model is operating outside of a set of 
prespecified parameters. An exaiiiple of such an assertion 
can be seen in line 22 of Fig. 1, w^here the input signal is 
compared to a prespecified maximum leveL 

The ADC model not only evaluates signals in the analog do- 
main, but also schedules digital events. As mentioned earlier'n 
the newer-generation simulators not only provide SPICE-like 
tUialog simulation engines, but also have built-in digital sim- 
ulators, which give them much improved performance in 
simulating mixed-mode systems. Built-in digital simulators 
are ortiurs of magnitude f^istcr in simulating digittil circuits 
than a SPICE-Hke sinuilalon We will discuss mixed-mode 
simulations in more detail later. 

Medium- Level Modeling 

Medium -level modeling refers to behavioral modeling of 
smaller building blocks, such as an operational amplifier 
(op amp), a multiplier, an integrator, or a comparator. T!iese 
circuits typically contain a few dozen transistors. Mociels for 
these circuits can have more physicat characteristics, which 
track SPICB sinuilation results. 

For modeUng the read/wTite chaimei chip, we used medium- 
level models most extensively Three different teclmiques 
were used to develop the models, based on the different 
circuit stnictmes. 

Tlte first approach is to create generic building blocks with 
flexible parameters that c^an be used to customize these ge- 
neric mociels when they are used in different applicat ions, A 
good example for this approach is the model for an op amp. 
Characteristics of a generic op amp include dc gain, pole 
location (if a second pole location is iir^ptntatu, one can sim- 
ply connect tw^o one-pole models in series), zero location, 
input impedance, uiput capacitive load, output impedai\ce, 
output capacitance, output common-mode level, slew rate, 
output swing, and nonlinear distortion. More comprehensive 
characteristics can be added to this list when needed. Fig, 2 
shows aji example of such a generic op amp n\ode[. Some of 
the parameieis listed above are omitted for brevity 



This type of generic circuit mode] can be made flexible 

enough to satisfy a varietv^ of modeling and simulation 
needs. Additional characterization can be included, when 
appropriate, at relatively low simulation ^eed cost 

In some cases, when the sv^stem performance is highly sensi- 
tive to the modehng accuiac>^ of a small block, a ciir\ e-ntting 
approach can be used. This approach is suitable for small 
circuits with few input ports. Outputs of a circtiit can be 
empirically fit to carefully chosen mathematical functions. 
These models art fully customized for the given circuits. 
They can be made very* accurate in representing a few key 
characteristics of some small blocks, but they are not leus- 
able for modeUng other circuits, and can beconie very com- 
plex when more input^output signals are added to the equa- 
tions. Designers wiio take fliLs approach must he careful to 
produce a model tiiat cov^ers tite entire input signal range to 
prevent the mociels from producing erroneous simulation 
results. 

Tlie third approach taken in modeiing circuits in the read/ 
write channel chip Is ro use the first-order MOSFET e*tua- 
tions to approximate circuit beiiaviois. A good exaitiple is a 
MOSFET switch. The on-resistaiice of a MOSFET switch can 
be approximated with the first -order equations acciu"ately 
enough for most apphcations. The switches ^mq effectively 
modeled as nonlinear resistors. If a more accurate model is 
needed^ the curve-fitting method can be used* 

Mixed-Mode Simulations 

SPICE is an integration-based simulator. Although it gives 
good simulation accuracy it is inherently siovv. since it has 
to set up and solve a nonlinear system matrix for the entire 
circuit at every integration tinte point. The integration tinte 
step is detentiined by ihe largest signal change in the circuit, 
regardless of wliether it is a digital signal or an analog sigtial. 
It is imp radical to do system-level simulation with such an 
algorlthni when the system has more than a few thousand 
transistors. 

To nin system-level simulations on a complex mixed-signal 
design and get leasonable accuracy it is necessary to use an 
event-thivcn digital simulator to simulate the digital portion 
of the design, together wit It an integration -based analog sim- 
ulator to simulate the ajiaiog circtjits. Tlte newer-generation 
mixed-mode simulators provide designers with both digital 
and analog simulation engines in one simulator. Continuous- 
tinte ajialog signals ai^e computed by the analog simulator, 
w^hile the digital simulator evaluates the event queue. As 
illustrated by the ADC example, designers can specil^^^ the 
interactions between tiie digital and ajialog domains. These 
interactioits are resolved with the relaxation mefliod. ^ The 
computational overhead for resolving these interactions is 
muiimal, since the interactions are by nature discrete events* 
In atldition. the built-in digital simrdatoi's make it easy for 
the mixed-mode simulators to cosimulate with widely used 
external digital simulatore, such as C'adence's Verilog-XL. 
Since the mixed-mode simulators already create digital 
event queues, they can share their event queues witli an 
external digital sinndator s event cjueue, and vice verstL The 
ability to cosimulate with well -established digital sinuilators 
makes it possible to use all of the available digital libraries, 
w hich ai'e often built based on careful characterizations and 
can provide accurate simulation results. 
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# Gain and 3rd order nonlinear distortion 
idiff = gin*vint + gni3*vixit**3 

# Output swing r the output clips at "vawing" 
iclip_up = (vswing - v ( outp i outm) } /ro/ Ik 
iclip_da = (vswing - v{outirii outp) ) /ro/lk 

if (v(outPii outm) > vswing) { 

iclip_up = iclip_up*lOiii0g 
} 
else if (v(outp^ outm) < -vawing) { 

iclip_dn B iclip_dn*10meg 
) 
idiff = idiff + iclip_up - iclip^dn; 

# Slew rate 

if f idiff > imax) idiff = iinax 

if {pd -^ 14_0) idiff = 
J 
equations ( 

# A pole and a zei^o 
icapp = d_by_dt ( (v{outp) - 
icapm ^ d_by_dt ( (v(outm) - 
i i outp ) - = ioutp 

ioutp: ioutp = idiff - v (outp, vcm) /ro 
i(outiii) -= ioutnt 
ioutxtit ioutm = ^idiff - v (outm, vcm) /ro 

J 



icapp*ra! ) *co) 
icapm*rz ) *co) 



icapp 
- icapm 



Fig. 2. All b^xmwple of a generic op anip model 



Fig. 3 shows rhe functional block diagrani of the read/write 
channel chip. The shaded blocks indicate analog functions 
that were modeled i-vith a behavioral analog modeling lan- 
guage?. The rest of tiie cliip {ap]Droxin\ately 40%) is digital, 
including elII of the system timing and control functions, a 
maximum- Likelihood sequence detector (IVILSD or Viterbi 
detector), ami much of the phase-locked loop. These digital 
circuits were designed with \^erilog HDL and synthesized 
with Synopsys using HP CMOS34 iT.O^tm CMOS) standard 
cells. For the final system-le%'el simulations, the digital cir- 
cuits were simulated with Verikjg luni behavioral models of 
the analog circuits were simulated with SABER. Special 
interface models were built to establish comiections be- 
tween the two siniiilators- 

Sys tern- Level Simula tion Example: Read/Write IC 

Tlie read%rite channel chip is a mLxed-signal IC with high 
analog circuit content. Approximately 6M of the core area 
is analog in nature. Because of the complexity and size of 
the analog circuits, many t>T}ical design considerations be- 
caine more challenging. Simiilating the interfaces and inter- 
actions befvveen analog blocks as well as between the ana- 
log blocks iind tiielr digital control blocks was critical for a 



successful design. Translation of system-Ievel specifications 
into meaningful circuit block design specifications was diffi- 
cult, and probably most important of all, managing the sys- 
tem-wide budget of circuit nonideal beha\4ors was a formi- 
dable task. Ultimately our IC design team, working closely 
with the system design team from HP's Computer Peripherals 
Bristol Division, developed a simuiation strategj^ of linking 
and correlating the simulation results of several tools to 
provide a closed loop of circuit and system verification. 

In the initial step of the design process, the customer speci- 
fied circuit performance by building a system model using C 
and Mathematiea that was partitioned in a fashion consistent 
with the circuit partition. Much of the read/%Mite channel 
chip's analog signal path was based on an analog PRML 
(partial response maximum hkeiihood) read channel chip 
that was developed for disk drive applications, so there was 
some previous work that was leveraged in architecting the 
read/write channel cliip. As functional descriptions of circuit 
operation were put into the system model, specific hmits 
and design goals could be identified. This information drove 
the design of the analog circuit blocks, which were then 
simulated in SPICE, The detailed results of the uidi\idual 
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Fig. 3, Functional block diagrain 
of the read/ write chsnnei cMp. 
The shaded blocks indicate ana- 
log functions that were modeled 
witJi a behavioral analog model- 
ing lariguaj^a. 



block simulations were incorporated back into the sysleni 
model and real-world, nonideai circuit behaviors, such as 
offsets* non linearity, and VVT (process^ voltage, and temper- 
ature) dependencies, were mtroduced mto the system model. 
This increased level of detail in tlie system model led to very 
clear and well-defined specifications for the analog circuit 
blocks. This linking of system perform atice to circuit block 
perfcrmtince allowed us to determine overall channel per- 
fomiance and define criteria for deciding when the design 
had acceptable margin and was ready for tape release. 

In parallel witli the system smiiiiations, high-level simulations 
using SABER and Verilog were being run with analog block 
models. The high-level simulations performed fimctional 
and timing checks of the digital control blocks and their 
interfaces to the behavioral representations of the analog 
blocks. In this way» the operation of imalog circuitry imder 
the control of complex state machines was verified^ Tl^e 
results of high-level simulations of the analog portion of the 
system were compared to the results of the Matheinatica 
system model for verification. Analysis and debugging of 
the analog behavioral simulation results were valuable for 
modehng and for confirming observ^ations from the test and 
characterization of first silicon. 

Critical Analysis 

The read/w^ite channel chip was our first mj^or chip design 
for which higii-level system design and verificadon were 
extremely critical to the chip's perfonnance. Many previous 
mixed-signal designs depended on just the individual furK*- 
tional blocks' meeting the specifications lo ensure that Uie 
final chip would perfonn to the system specifications. For 
the read/write charmel chip, tire system perfomiance and 
trade-offs could only be evaluated after much of the actual 
circuit desigia was completed. Tlie system performajice of 
the read/wi ite channel chiji was extremely sensitive to a 



nujnbei^ of nonideahtles in the signal path, so multiple itera- 
tions were carried out between careful circuit characteriza- 
tions and system performance evaluations. 

After the project was fmished, and with an increasmg need 
to define fonnally a meTiiodolog>^ for new^ mixed-mode sig- 
nal processing chips, the strengths and weaknesses of the 
read/wiite channel chip methodology w^ere evaluated. 

The high-level SABER models verified tiiat the digital control 
circuitry functioned correctly with the analog blocks. This 
contribution cannot be overstated. Tlie number of signals 
together with the complex interaction between the digital 
and ai^alog blacks cannot be checked adequately in any other 
maimer. The behavioral modeling of the analt^g blocks also 
discovered problems within the analog circuitiy. While many 
of the main related analog blocks were simulated in SPICE 
togetlier, there were others tiiat were not, because of size and 
speed hmitations in SPICE. The netiist extraction for the top- 
level SABER simulations was automatically generated from 
the chip transistor schematic, so the high-level simulations 
gave good confidence that the chip was correctly cormected. 

The main weakness in the process was that one engineer 
was responsible for developing all the analog behavioral 
models. Tliis was because of manpower cronstraints in tiiis 
project and the new introduction of the SABER tools. The 
investment in the learning curv^e for the new tools could not 
be absorbed by this project. The process that w^as followed 
to develop more than 100 behavioral models was examina- 
tion of the schematics tmd SPICE phM^ that were available, 
and commimication with the block designers. Tliis worked 
fairly well in most cases, but there were some instances of 
incoirect behavioral modeling. The mah\ problem was \lmt 
hiunan interi^retation was needed to create the behavioral 
ntuclels. Characterization tests to compare the circuits with 
the models could have helped, hut with so many blocks, 
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some being contmuously modified, a full set of characteriza' 
don tests w^ not practical with tiip given amount of time 
and resources. 

Enhanced Methodology 

An enhanced methodology based on tlie one described 
above has been developed. This new methodology is in- 
tended to eliminate the weaknesses described in the read/ 
write channel chip mixed-mode methodolog;^ by leveraging 
as much as possible from the behavioral synthesis method- 
ology' used in digital VLSI designs. Tlie key is to remove as 
much human interi>i elation as pr)s,sible and use the test vec- 
tor set as a common link from customer definition to final 
chip simulation. Since not all the specifications in a mixed- 
mode design can be encoded with traditional digital test 
vectors, many of the analog specifications can oitly be evalu- 
ated by specific analog lests. The key to these tests being 
successful is to develop Oiem troin the customer's written 
specifications or the circuit design engineei s' knowledge 
when the !)eha\ioraI model is developed. Tlie intention is 
that I lie iilock designer will develop the behavioral model. 
By taking this approach and developing tests that wOl run 
on both the re^U schematic and its behavioral model a set 
of characierization tests can be exercised on the behavioral 
model. FJy starting a block tlesign ^^ ith a i>eha\ioral tnodel 
based on wxitten specifications and a Lap-level customer 
model, a more specification -driven evaluation of each cir- 
cuit block can be used to determine whether the circuit will 
perform its desired function. This makes it possible to delay 
the exact circuit implementation until the full requirements 



of the block are understood. It could, for example, make tlie 
difference In deciding whetliei' a block should be designed 
in the analog or lJ\e digital domain. 

The approach of having the block designers develop the 
beha\1oral [uotleis still retinijes lunnan interpret at ion and 
complete imderstaitding of the cir<::uit. Altlunigh this ap- 
proach is an improvement of die methodology, the human 
interpretation is still a weakness, A number of simulators 
uow gaining wide acceptance in VXSI digital design allow 
the whole chip to be cotwene<l into a F'ET-level simulation. 
The simulation speed m much faster f 10 x ) than a SPICE 
Sinn ilat ion, with apparently improved convergence. The 
improvement in st>eed is obtained by running many tiarts of 
tlie circuit linearly. This aptnoacli compromises accuracy 
somewhat. The key to this new way to simylate mixed-mode 
systems is to define which blocks need to be simulated in a 
SPICE- like mode to ensure the retjuiied accuracy. Tliis whole* 
chip shnulaiion can only be perfonned wheii a complete FET 
schemat ic is avaihible^ so it is seen as a final verification 
check using the main mixed-mode simulation vector set. 
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Physical Design of 0.35-|iim Gate 
Arrays for Symmetric Multiprocessing 
Servers 



To meet gate density and system performance requirements for the 
HP Exemplar S-class and X-class technical servers, a physical design 
methodology was developed for 1 l-nnillion-raw-basic-celL D,35-|jm 
CMOS gate arrays. Commercial and ASIC vendor-supplied tools were 
augmented with internally developed tools to put together a highly 
optimized physical chip design process. 



by Lionel C. Bening, Tony M* Brewer, Harry D. Foster, Jeffrey S. Quigley, 
Robert A. Sussman, Paul R Vogel, and Aaron W. Wells 



This article provides a broad ovcniew of tiie gate design 
and layout of 0.35-|ini gate arrays for the new S-ciass and 
X-class members of the Hewlett-Packard Exemplar lechni- 
caJ sen-er family The design praccss was built around third- 
party lools, buc several internally developed tools were 
needed betaiise commercial offetings were insufficient or 
unavailable. Generally, these tools auloniated the generation 
of the design or dramatically unproved the logistics of tiie 
flow. Without these intemalb^ developerl tools, meeting den- 
sity and speed objectives (the optimization of the design) 
would not have been possible in acceptable calendar time 
wilh tiie design staff availal>le, 

In-house place-and-route tools played a key role in this de- 
sign flow. As in previous projec^ts. a close working relation- 
ship was developed with the gate array vendor. /\niong other 
benefits, tiiis allowed the design staff to use the GARDS 
placement anci routing softw^are from SVH (fomierly Sih-ar 
Lisco). Most of the intenially developed tools wntten for 
the project operate fiirectly on place-and-route infonTUilion. 
Exan\ples include a floor plarmer that imderstands design- 
specific routing obstnictions, custom clock tree generation, 
and placement -based resynthesis of the gates. 

Server Architecture 

Tlie (arget seners are S5nninetric multiprocessing systems 
built aroimd the HP PA 8000 processor S<lass machines 
(^ilso called nodes) connect ICi processors together to fomi 
a single system. X-class machmes coimect multiple ntjdes 
together to form a single system. X-class hardware can 
create a system containing up to 120 nodes (1920 proces- 
sors). The PA SOOOs will iniiially run at IBO MHz. with the 
rest of the system ninning at 120 MHz. Excepi for the PA 
8000 and associated SR^Ms and DRAiMs, the bulk of the 
system logic is implemented in f'\yitsu CG61 0,35-tJim gate 
aiTays. as shown in Table I One additional gate array is im- 
plen^ented in llie nmch less expensive CG51 O.B-^m process. 
This chip shared all the same tools and design How as the 
0,35-^ni gale ai'rays. 
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300 k 
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150 k 


100 k 
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The characteristics of the Fujitsu CG61 0J35-|im CMOS gale 
array are a^ follows: 

• 1.1 mill J on raw basic cells. One basic cell can implement 
one low-power, two-inpnl NOR gate or one medium [jower 
inverter. 

• 0\^erall die size: 13.& by 13.5 innL Core size: 11.7 by 11.7 mm, 

• 4 routing layers. 

• 1.75-^m routing pitch on metal layers 1, 2. and 3; 14-Lmi on 
tnet^U layer 4. 

• 560 I/O signals. 

• Flip-chip connection to package. Signals attach at periphery. 
Power and ground attach on a uniform grid across the die. 

• Macros^*- generally had several functionally equivalent ver- 
sions with different drive strengths. 

• Target 45% utilization of raw basic cells in random logic 
regions, 

• Many paths witti 14 macros between registers at 120 MHz, 

• in this context a macro is a cplfection of hasFc: mWs that impfament a primttJve function like a 
multppltxarorreaJSter 
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Mg. 1. Simplifipd physical design flow, 



Custom 1/0 macros were developed to meet the stringent 
system electrical and timing requiremems. The boai'd de- 
signei's analyzed all system paths with SPICE. SPICE models 
of the board nets included gate array driver and receiver 
macros. 

The static flow is depicted in Pig. 1. The static flow does not 
reflect the actual day-toKiay activity of the design process. 



Many iterations and subiterations were made until a chip 
could flow cleanly without timing or routing problems from 
start to flnish. In addition to feeding back problems into the 
flow — for example, to update Sjiiopsys constraints or make 
behavioral model chaiiges — the design staff refined tools 
and techniques along the way. Rapid iterations through the 
place-and-route flow were \ital to this process* 
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Topically, four designei^ worked on the larger arra>'B. One 
person worked almost excliisj\'ely on the floor plan, layout, 
and routing. The other designers, in addition to all other 
design duties, iterated tiirough S\Tiopsys and floor plan 
tinnng. Four full-time CAD engineers built and supported 
the flow. 

BTL Behavioral Model Styles 

The S-class and X-class ser\^er gate arra>^ were described 
in RTL-level Wrilog (RTL stands for Register Transfer hmv 
guage I. These niodeb w-ere considered to be the '^golden" 
models and were maintained througliout the life of the proj- 
ect. Design AeriRcation used the RTL models exriiisively. 
The Booiean equivalence tool (lover) guaranteed that the 
ETL ^Vrilog and gate \>nlog were equivalent. The RTL 
Verilog stjle varied depending on the tools and tlie tasks 
for which it was written. Tluis. t he style was driven by the 
needs of Syriopsys. the Boolean equivalence tool, and higln- 
speed RTL Verilog simulation. 

Styie Driven by Synopsys. Synopses was the primary tool to 
map RTL behavioral models to gates. Anyone familiar with 
tills rot j1 knows the requu'ements it imposes on the coding 
st>'Ie: many smaU modules v^ith iota of hierarchy, instantiated 
gates in the RTL, and code almost ar the equation le\'eL The 
project had two methods of instantiating gates in the RTL: 

* Macro Group Specification. Based on previous projects' 
difficulties in synthesizing multiplexer macros, all scan reg- 
isters and multiplexers were exphcitly specified m the RTL. 
To ttiake the RTL more readable and to improve RTL simula- 
tion speed, groups of macros were bimciled iintler one level 
of hierarchy. For mstance. 32 high-drive 2-to-l multiplexer 
macros would appear in the RTL as: 

Mnx21. HI_32 muxes [ 

.3 f<32 bit port connection> ) , 

,10 (<32 bit port connection> ) , 

,11 (<32 bit port connection> ) , 

,0 (<32 bit port connection?') 
); 

An iniemally developed um] wuil the RTL Verilog and gener- 
ated the corresponding modules' definitions based on a ven- 
dor-specific inappuig of the generic type to the actuaJ !ype, 

• 'ifdef GATES, Frequentlyp designers wajited to specify exj>hcil 
macro tytjes for some lines of code in a s>iithesized RTL 
nKuhiie, Die module would be written with: 

'ifdef GATES 

<macro instance specif ic;:^tions> 
'else 

<behavioral of the above gate3> 
'endif 



For exajnple: 








'ifdof 


GATES 








wire 


tlr t2, ' 


t3; 






X0R3 


xortreel 


(tl| iii<0>^ 


, in<l>, 


in<2> ) ; 


X0R3 


xortree2 


(t2, in<3>, 


in < 4 > f 


in<5>) ; 


X0R3 


xortree3 


tt3, in<6>, 


in<7>, 


iil<Q>); 


XOR3 


xortree4 


(perr, tl, 


t2, t3j, 




'else 










perr 


=^ ^in; 








'end 











The GATES (ext macro was defiiied when synthes!j5ing. Tius 
preser\^ed clarity and s|>eed of shnulation in the RTL while 



at the same time generating the correct gate design in Syn- 
opsys. The Boolean equivalence tool ensured that the gate 
descripttons matched the behavioral descriptions. 

Style Driven liv Bootean Equivalence Verffication. The Boolean 
equjv^ence tool (see "Formal Verification— Boolean Equiva- 
lence" below) logically compared the RTL beha\1oral model 
and the gate level netiist. This tool partitioned the design 
into cones of logic based on equivalence pohits, which are 
essentially net names diat exist identically in both models* 
Ai a nunimum, all register outputs are equivalence points. 
To keep the comparison tool simple, each equi\ alence point 
had to match l-io-l between the models. Tltis simphflcation 
required thai registers rephcated for fanout purposes in the 
gate netlist be replicated identically in the HTL \erilog. 

Style Driven by Simulation Performance, Simulation perfor- 
mance was an unponant factor in each gate arrays design 
quality and its development schedule. Piaster simulation 
meaiit that we could get to a functionaUy correct gate array 
physical design more quickly. Thus, some of the RTL style 
methodology was driven by simulation performance. 

For all of the hand-instantiated nti-scellaneous logic prefixed 
by 'ifijef GATES, the designers included the corresponding 
behavioral statement(s) bracketed with efse ... 'sndif. Also, 
guidelines were de\ eloped that pointed designers towards 
beha\ioral Verilog code constiiicrs that sinujlaie faster, and 
a linting tool was developed that pointed out where they 
could use these faster constructs in their Verilog. Examples 
included: 

• Llse of a mask plus a unar>* operator in place of the corre- 
spondirig binar>' logic operation on selected bits of a bus, as 
in error correction bit calculations 

• Use of a temporary vaiiable in place of frequently referenced 
bit positions 

• Concatenation in place of subrange assignments and shifts 
by constant.s. 

In addition to simulating with vendor Verilog simulators, an 
in-house Vciilog-to-C translation tool was developed to gen- 
erate cycle-based models for eacli gate array type. The 
resulting simulations ran five to ( welve times faster than the 
same simulations on vendor simulators./^ 

Because the Verilog language is extensive and expensive to 
support in its entirety, and because tlic internally developed 
tools were never intended for wide use beyond the bound- 
ailes of the project, the cycle-based Verilog-to-C translation 
tools suijported only a subset of behavioral Verilog that is 
sufficien! for cycle-based simulation. Where there were sev- 
eral different ways of describing tlie same design m Verilog, 
the tools supported the style that was prevalent among de- 
signers and less expensive to parse. Time const rai it Is forceci 
tool development to leave out constant expressions, loops, 
parameters, and variables as Int subscripts from the sup- 
ported behavioral Verilog language style. 

Latch Array Compiler 

The latcii array compiler albiwed the designers to create 
new configuraticjns of nu^mory blocks eiisily The memory 
blocks were implemented as a row of latches per data bit^ 
with a cokmm of latches selected by a reatl or write address* 
All latch arrays had a dedicated write poit and ehhei' one or 
I wo dedicated read ports. All address, data in, and data out 
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ports of the latch array had registers to isolate the internal 
timing of the laich anay from the siiiTounding logic-. Optiun- 
aliyt parity going into or coming out of the latch airay could 
be checked. The placement locations of the write and read 
address ports Avere fixedt hut the data inpnt and output 
ports could be bidependently placed to the left or right of 
the core area. 

The compilers oiitf>ut consisted of the RTL behavaoral and 
gate Verilog models foi^ the configuialionf>, as well as the 
relative placement information. This placement mfomiation 
was tlien given to the floor planner so that tlte iatch arrays 
could be relocated ro any desired she. 

There were 16 to 4 i latch arrays per design (1 18 total for 
four designs), with each latch aiTay storing between 48 ami 
2112 bits, for an approximate total of 25 K to 4'JK bits per 
chip^ representing 35% to (50% of the basic ceils used for 
each design. Tlirou^h the use of custom macros designed 
specific ally for the project, the core area of the latch ^UTays 
achieved over 87% utilization. For a single-read-poi1 aixay, 
the core area consumed about 5.6 basic: cells per bit, while 
the core area for a dual-read-port aiTay used about 9.6 basic 
cells per bit . The core of die latch array was routed com- 
pletely in metal 1 imd 2. aHowtug tlie metal 3 over the core 
area to Ijc used for noniial routing, 

Synopsys 

Syiiopsys was used as the primar^^ means to map nonregister 
and nonmultiplexei' RTL to gates. The designers did not rely 
on Synopsys to generate the final gates. The designers goal 
was just to get close to the final tinimg mid logic area and 
then use the resynthesis step described later to improve the 
gates. There are two main reasons for this. First , Synopsys 
cannot read and optimize an entire design hi a practical 
amoimt of time, and second, Synopsys caimot synthesize 
fanout trees based on the actual placement of macros. 

Constraints for Synopsys were generated by hand. 

Formal Verifica tion — B o oleaii E q u i vale n ce 

Fonnal verification using em internally developed Boole em 
equivalence verification tool (lover) elitninated a tremendous 
amount of gate level simulation. In fact, the system sinnila- 
tion remained at the RTL level tin'oughoiit tlie entire project. 
Boolean eqiii valence verification, unlike simulation, guaran- 
tees complete results, since it uses mathematical formal 
proof techniques to verify logical equivalence, lover ran in 
three fundamental modes: RTL-to-RTL, RTL-to-gate, and 
gale-to-gate. 

BTLrto-RTL comparison was ciitical when it became neees- 
saiy to modify modules in the RTL to remove redimdancies 
across module boundaries, j\lso. RTL-to-RTL comparison 
afiowed the designei-s 1 o explore different implementatioits 
of an equivalent design, 

RTLrto-gate comparison look a lot of pain away from domg 
hand-captured gates. Mi.*^compares could be isolated down 
to a few gates and fixed quickly. Also. RTL-to-gate comptiri- 
son \^'as tiseful as a revision control check by ensuring that 
any last-minnte changes in the RTL source were synthesized 
hito gates, or in rather words, that design veriH cation's RTL 
matched the actuai iietlist. 



Gate-to-gate comparisons ensured that the CAD syiitem 
(resynthesis in part ic alar) maintained logical correctness 
thjoughoiit the flow. In addition, gate-to-gale compaiison 
was used to ensure that all hand edits performed during the 
layout process were error-free. Tliis allrjwed Ii^t minute 
changes to be made in the design with confidence. 

Maintainmg a consistent Verilog reaming convenfion through- 
out the CAD fiow facihtated the mapping of fiat Verilog wire 
and register names to their luerarcliical equivalents. This 
convention dramatically improved the peifomiance of lover 
by p ro vi ding ad dit i onal /? u beq u i rale} t ce po i n ts . Us ing sub- 
erjuivalence jioinrs. large cones of logic whose boundmles 
consist of pons ^\d registers can be broken up into smaller 
cones of logic automatically. 

A complete gate-to-gale verification of a 550.000-gate design 
ran on an SPP-lOtJO (an S-way symmetric innltiprocessing 
machine with 2G byles of main memoiy) in under 20 minutes 
and required L2G bytes of physical tuentoiy (see Table U). 
\ complete RTLrto-gate verification of a 550,000-gate design 
was completed m 1 houi' and required L2G bytes of memory. 
Most RTLrto-RTL subhiermchical compaiisons completed in 
mKler 20 seconds, lover reads and eonjpiies the HTL source 
files, netlists, antl libraries ilirectly. These times represent a 
combination of the compilation and comparison processes. 

Table II 

Gate-ta-GatB Boolean Equivalence Hun -Time Performance 
and Memory Requiretnents 

Logic Size 

Chip Name (Basic Cells) Minutes Virtual Memory 

Processor 550 k 20 L2G bytes 

Interface 



Crossbar 


m} k 


9 


0.9G bytes 


Memory 
Interface 


570 k 


20 


L2G bytes 


Nocie-to-Node 


300 k 


10 


LOG b>^es 


Interface 








I/O Interface 


150 k 


4 


0.3G bytes 



Floor Plan 

The floor plan tool (fptj helped the designer generate the 
placement for the mtyor blocks of logic. The physical hier- 
archy of the design niitiidly matched the logical hierarchy 
(a module in the source \'erilog hecame a l>lock for [rlace- 
ment)t 1ml by editing t he i)lacement detlnition file, the physi- 
cal hierarchy could be changed to aaything the designer 
desired. 

fpt read die same placement obstructions as the gate place- 
ment tool, so an accurate delennination of the lUllizaiion of 
each Ijlock coukl be ma<le as it was placed. The tool also 
understood the concept of fixed-size hlocks (such as the 
latch aiTays) as opposed to the malleable blocks which were 
primailly composed t>f .synthesized logic, and allowed the 
latter block t^pes to lie reshaped. 

Imercomie<;"t Imes could be dra^vn between the block drivers 
and receivers. %vilh tlte width of the drawn line TCfj resenting 
tire nmnber oJ' signals crossing the boundaries of the blocks. 
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' Many extra channels aiided 
}Q help finish route. 



' Few charnels Bdded 
to help finish route. 



Fig* 2. Processor interface gate array floor plan and placement views, (a) Floor plan too! (tpt) view. The block name and effective per- 
cenfage iirjli^ation are sho\ni. The effective uiLiizaLion is based on the underlying obstructions used by the macro placement tools. Ob- 
simctlons are usually channelization, ktcb array, or 1/0 regions. The shaded boxes are latch arrays. Blocks can be overlapped. A density 
map can be displayed, which shows where overlapped areas result in density that may be too liigh to place efficiently. Floor plan blocks 
that show similar effective utilisation can actually be placed at different real utilization. For instance ^ cs^inpirt at 77% (middle of die) and 
req_deci also at 77% (right side middle above qaeua_hi)^ show similar effective utilization. Compared to the actual placementi csUF^put is 
placed at lower real utilisation because of I he additional routing chaimels. (b) Placement \iew. In the placement view, the regions of 
custjam channelization caji be clearly seeiL The latch array regions are also clearly visible. The actual size and number of the channels 
were determined by many iterations through the place -and*route flow, attempting lo get a complete route. Register and multiplexer 
macros clustered arotind the 1/0 sites were placed identically to control chip-to-chip skew. 



Inputs and outputs from a block could be drawTi in separate 
colors to help illustrate the flow through the blocks. 

fpt t^ould display a d^?^**??'^?; map that quickly identified local 
hot spots of high placement tlensity. There was also a method 
to show information from a prior ])ostroiite analysis so that 
the floor plan cotild be adjusted to pro\1de more room for 
congested routing areas. 

Fig, 2a shows an exatnple of a floor plan for one of the chips 
and Fig, 2b shows the placement view. 

Uming 

Tu^mtg analysis was performed by an inteniaUy developed 
tool because a Uiird -party tool with the necessary features 
and perfonnanre was not available and res\T\thesis (see 
below) required tight coupling of the timing analysis to the 
automatic neUisl editor Each step in the flow (floor plan, 
placemen tp routing) used the same timing algoritlun and 
timing tool. Differences iii delays at each step residtetl solely 
from die accttracy of t]ie rr-models and each macro input 
pins Tjifie (FiC delay). (A .T:-model represents the net + gate 
load as seen by the macro output,) For different steps in the 
design flow, the net jimodel and RC delays were calculated 
as follows: 



• Floor plan. Wire table lookup was used for sections of the 
net that were completely contaiixetl within a block. Sections 
that spanned blocks were pseudoroiiiefl. Tlie composite was 
then reduced to the n-model and Tiim. values. 

• Placement. A pseudoroute was constructed for each j^et and 
then reduced to the jr-model and Ti^^^ values. 

• Routing. A special route analysis program w^as developed to 
analyze all metal layers and generate tlie ;t-model and Tyji^ 
values. 

Delay calculations w^ere nonlinear and edge rate dependent. 
Presentation of edge rates in the c^ritical path reports was 
very helpful in fixing slow paths. Slow edge rates were the 
first thing to look for (and fix) in a broken timing path. 

Two delay values and two edge rate values were calculated 
per macro level: 

• Tgate is the input-pin4o"Oulput-pin intrinsic macro delay, 
Tgaip is a function of the timing arc through the macro, the 
iitput pin edge rate (Tsin) and the ji-model on the macro out- 
put. There are several Tg^t^ calculations per macro, each 
con'esponding to a different timing arc through tite macro. 

• %Qm 15 the edge rate seen at the macro output pins. For each 
Tgate calculation tiiere was a matching T^out calculation. 

• T|ir,t> is the RC delay, Tiu^e is a ftmction of the net topology 
only. 



)Copr. 1949-1998 Hewlett-Packard Co. 



Apnl 19EI7 HpT^letl-Packaid Journal 99 



1000 
1200 
1000 i 

f 

£ BOO 

s 
Z 

400 
200 




^ 



-23 -Z.0 -1.5 -IJ -0.5 0.5 1,0 \3 10 Z5 
OaltsTlme, Finil Plftcement minus Floor Flan (ns) 

Fig. 3. Timing coniparii^oii: floor plan versus placement. 

• Tsjj^ is the edge rate as s£*en at the macro input pins. Tsj^ is 
always greater than T^om ^f the driving pin and represents 
the degradation of tJie signal edge as it propagates through 
the RV tree of the net. The edge rate degiadation was a sim- 
ple function ofTjii^e and was not veiy accmate for compli- 
cated net topologies. 

Each gate array used the same simple clockuig scheme. At 
most there were three different clock phases, which were 
geoeratefl from the same master clock pin of the clnp. The 
clock ]jhases are 1 x period, 2 x period (2a), and 2 x period 
with the opposite phase (2b), Tlie simple clock scheme 
allows a simple forward traversal algorithm lo sum the de- 
lays Tgate ^ivd Tiitie to get path liming. Macro output pin edge 
rates (Tj^out.) ^'^'^v^^ propagated and detated to the input pin.s 
(Tsiii) during live sim\e forward traversal. T^picaJly, 1^ L 
23^- 1, and l^-2b paths were ealenlated in one pass, 1^-1, 
2b-* 1^ l-*2a paths were calculated in anotlier pass, and 
2a^2a and 2b^^2b paths were calculated in a third pass, 

Resynthesis 

Res>Tithesis can be thought of as an elaborate in-place opti- 
mization of the entire design. Resjiithesis was used to re- 
duce or remo\'e logic, build and place optimal fanout trees, 
and clumge macro power levels to I tie rtuninuini necessary' 
to meet timing requirements. There were six steps in the 
res>iithesis process: 

• Flatten. The gate level Wrilog modules were read in, linked 
and flattened so that the entire design could be easily opti- 
mized across hieraicliical houndai les. 

• Rip/join. Buffers and inverter pahs were deleted, simple 
macros were joined together, logic was reciuced througli 
constant propagation, and miused logic was deleted. 

• Coai'se tlx. Each macro output pin m the design was either 
powered up (i.e., its drive strength was increased) or faiuied 
out such that the output pin edge rate was below an ai'bi- 
traiy VEilue and the input pin edge rates on tlie net were all 
below a (different) arbitrarj' \'alue. Tliis step also ensured 
that each macro output pin ciid not drive more than its maxi- 
mum capacitive load. 

• Complete tuning analysis. 

• Fine pass. Once the coai'se fix was made and maiGidi #^er& 
powered up to meet the edge rate specrRcaiion, i fi^ikdis^cai 
traversal starting from the register mputs and working back- 
wards was made to fiuther power up macros that \\ere in 
broken Ciltical paths. This step topically did not acid more 



than 2000 basic ceils to the design. Timing and pseudoroutes 
were updated after each macro po%ver-up. Tlie timing up- 
date algorithm retuned only those macros affected by the 
power-up, 
' Pow^r down. The coarse fix step and S>iiot>sys ctm over- 
power components. A topological traversal was made start- 
ing frotn register inputs and working backwards to power 
down those components in none ritical paths (i.e., that had 
positive global slack) as long as tlie net loading rules were 
meh liming anfJ pseudoroutes were updated as \he algorithni 
pirjceeded. 

Resynthesis was run at two different steps in the flow. A 
fust -pass resjTt thesis was done tising floor plan tiet lengths 
and floor-phm -based approximate macro locations. This 
design was then placed and improved. The improved place- 
ment and net list from the first resynthesis were then fed 
back for a second complete resynthesis. (Panout trees built 
dming the first res^Tithesis were ripped out by the rip/join 
step. ) Tlie second resynthesis resulted In about 1000 fewer 
fanout buffers and 10,tlO0 fewer basic cells used than the 
initial floor-plan-based resynthesis. 

Resynthesis and timing of the processor interface chip 
(;U7,0t)0 random logic cells. -91.000 macros) topically took 
Hi CPU minutes on an IIP 9000 Model 735 workstation and 
consumed 320M bytes of virtual memory'. 

Figs. 3 and 4 show the differences in the delays seen at reg- 
ister inputs between timing nms made at different steps in 
the flow Fig. 3 shows the differences betwc^en floor plan 
timing after resyntliesis and final placement timing, \'alues 
less than zero show floor plan timing thai was conseivative 
compared to the final placement timing. Values greater than 
zero show floor plan timing that was optimistic compared to 
final placement tuning. 

Pig. 4 shows good, albeit conserv^atdve, correlation between 
the placement and route timing. Relatively few changes had 
to be niatie in the design once the designers had timing 
working at placement. The histograms clearly show that an 
attempt to "make timing'' at the Synopsys/fioor plan step is 
unnecessarily conser\^ative. 

Placement 

The GAHUS gate anay suite of lools from Silicon \'alley 
Research (S\'R, fonnerly known as Silvai-Lisco), was chosen 
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as the central set of toob for placeinent of the sen-er gate 
arrays. The choice of G AKDS was based on a history of sue- 
cessfiil experience with these tools. A long-held philosophy 
in our laboratory has been to put the place-and-route tools 
m the iiands of the designers, and to choose the tool that 
best allows the d^igner to parlay design knowledge into 
an intelligent placemenL With only minor exceptioas, the 
GAEDS tools functioned capably and fulfilled the place-and- 
route needs for which they were chosen. 

Unlike many other design flows for O.SS-itm gate arrays. 
hierarchy was flattened by the resjTithesis step, and the 
placement tool had free rein to optimize placement across 
boundaries, A drawl»ack of this approach is that m^jor up- 
dates to a current placement (e,g,. s>'nthesize one block and 
feed the changed block into tiie existing placement) were 
\Trtuall>' impossible. In such cases* the placement process 
was restarted from the beginning. 

Complementary inCental tools constructed all necessaiy 
files in Gx4RDS fonnat. such as placement obstruction files 
for opening exma routing ehatinels and for inhibitmg auto- 
niatic placement m critical regions such as latch arrays. 

A valuable feature of the CARDS tool set is the C program- 
ming language database access routines knovMi as GEARS. 
These made it easy for internal tools to extract design infor- 
matjon to customize the integration of GAEDS into the tool 
flow. 

The GAEDS Ubraries for placement and routing were created 
internally by translating Catience LEF (Library Exchange 
Format) fdes pro\ided by the chip vendor Tlie general 
placement schente consisted of the following series of steps: 

L Import of preplaced gates (I/Os, mtemal macros in the 
1/0-to-register or register-to-l/O patlis. and latch arrays) 

2. Import of placement obstiTictions (forchannelisiation, 
latch array prole ttion, tmd clock tree allocation) 

3. Min-cut placement of the imported floor plan. Min-cut 
placement is a recursive subdivldmg algorithm that seeks to 
minimize connecrions across the dividing line. The resulting 
placement has minimum wiring between macrt^s. 

4. Kun chickfif (internally developed tool), 

5. Unplace etrantly placed components. 

6. Min-cut placemetn of lloor plan file containing only the 
errantly placed components, 

7. Rim a series of walking- window improvement passes, 

8. Eepeat steps 1 through 7 after a layout-based resynthesis. 

Steps 1 throtigh 3 generally took about two houi^ for the 
larger designs, ajid could be automated througli scripting. 
After tlie initial read of the floor plan, it was necessaiy to 
check the integrity of placement adherence to tiie floor plan. 
An unforiunate feature of the placement tool was thai if 
conijx.iuents could not be placed wititin their assigited floor 
plan bin, they would be placed according to the center of 
gravity of the connectivity, which tisiially was not acceptable. 

Step 4 involved an intemal tool, cJieckfif, whic:h was developed 
to unplace errantly placed components mul to create a new 
redttced version of the floor plan bin file iliat cnuld incre^Lse 
the original dimensions of tlie buis. Steps 5 ihrough 7 cotild 



also be scripted with step 7 consisting of a mix of net-len^- 

based improvements and congestion-based improventents. 
Step 7 represents the largest investment in CPU cycles, with 
a t>pical set of improvemem passes taking about 24 hours. 

Clock 'Dree Builder 

Once placement was complete, the clock tree buHder was 
used to generate different gated types of the master clock. 
Tl\e stnictnre of the clock tree, wliich was identiod for all 

CG61 airays. was a uniform grid of laps driven from a central 
point (see Fig, 5). A tap was either an OR gate, winch gener- 
ated some fomt of gated clock, or a buffer, which generated 
a free-running clock. Macro positioits and most coimections 
were predefined, i^ith the only variables being the tap tjpe 
(OR gate or buffer), the tap Oavor (which gating term drove 
the OR gate, if any), and the last-level coimection to the 
registers. 

The clock tree btulder removed taps obstructed by latch 
arrays, figured out a best initial assignment of taps associ- 
ated with a gatmg term register and then nuniniiised the last 
level of clock tree routing by optimizing the c lock-load- to- 
tap assignments, Tlie last Ie\el of clock tree routing was 
performed by the antorouier Tlie clock tree builder pro- 
vided tlie user with the flexibility of manually selecting tap 
gating term assignments and lap load assignments. The com- 
plete clock tree consumed 1.5% to 2% of the die area. 

Skew 

Intrachip skew was calculated as the difference in delay 
between tlie fastest tap aitd the slowest tap. The maximnm 
intrachip skeM' for these gate arrays totaletl 400 ps^ of ^ hicli 
200 ps was actual metal and gate load variations and 200 ps 
was intrachip variance. 
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Fig- 5. Clock distrlbutioti tree. 



)Copr. 1949-1998 Hewlett-Packard Co. 



April am Hi- wlett-Pac k ai d Jo umal 101 



Metal and gate load variations were mostly due to different 
numbers of loads arnl different route lengths in the last level 
of the tree. Duniniy loads were added to the tips and center 
of the main clock rails after routing to balance the rails pre- 
cisely. Special control of the last-level loading and routing of 
I/O registers reduced tlie metal and gate load skew on those 
registers to 100 ps- 

The variance portion of skew included the voltage, tempera- 
ture, and process variations possible across tiie die. Vailance 
also accoimted for delay modeling uncertainty between OR 
gates and buffers in the last level of tlie tree. 

Scan Chain Hookup 

Once all the sctm elements were placed, the scan chain was 
automat ically connected. Each element had a property that 
iden! Ified the element's scan ring, Tl\e beginning imd end of 
each ring had a property that maiketl these points as special. 
Buffers and pairs of inverters that w^erc connected to the 
scan points were marked as equivalent to the scan point and 
could also be used. Each ring was stitched together using a 
"greedy" algorithm that chose the best element to add at 
each step- The best element was determined by assigning a 
penalty value to each available element and then choosing 
the one with the minimum penalty The penalty value w as 
a summation of four individual penalties: 

• Distance. The distance between the e lenient and the con- 
nection point. Reducing thLs value decreased the amount 
of routing needed to Conner t the ring. 

• Clock. A penalty was assessed if there w^as a difference 
between the clock for the element and the clock for the 
connection point, that is. if the clocks came from different 
taps or rails The more the clocks w^ere simihir, the less the 
chai^ce for hold errors while scarming. 

• Buffering. A penalty was assessed if the connection point 
was not buffered from the true scmi point, Prefenii\g die 
scan points that w^ere buffered reduced the possibility of 
hold problems. 

• Center crossing* The connection crossed the vertical center- 
line. The main clock distribution was in this area and hori- 
zontal routing was limited. Reducing the horizontal scan 
coimerUons through this area simplified the routing for the 
design. 

Each of the above individual penalties had an associated 
weight so the relative importance of each could be acljusted. 

For the designs tliat had routing completion problems, a 
post-hookup optimization could be applied. This optimiza- 
tion only considered the disttmce between scan points as 
the objective to minimize and often resulted in over a meter 
of w^ure removed from the scan chain* 

After all of the scan rings were coimected, the wires added 
at the gate level could also be inserted into the behavioral 
model. 

Routing 

Routing of the chips was accomplished with the G.ARDS 
route tools (garoLJt/linesearch, ga rout/maze h redit/npup-re route). 
Normal signal routing occurred on metal layers L 2. and S, 
witii only clock net routing on metal layer 4. The version of 
CARDS used by the server project did not include support 
for fourth-layer routing, so fixed metal 4 segments were 



specified and connected with mtemally developed post- 
processing tools dffZdef and ecfare (see below). 

The rotithig process began with certain special nets. These 
were mostly latch array nets and certain clock nets, which 
neecied to be routed with the maze router (garout'maze). Then 
the line seajch router (garout/lrnesearchj was used to route 
nearly all of tJie remaining connections, leading only about 
1% to L5% failing to route. These were routed by the maze 
router, usually to vtithin about 200 disconnects. At tliis point 
the design was taken into the red it tool, using the ripup- reroute 
feature of tliat tooL Tliis nonnally completed the remaining 
comiections. The whole routing process generally took one 
to two days to complete. 

Some special techniques were Exploited to push the enve- 
lope of routing density. It was obsen^d That metal layer 1 
was underutilized, and that some of the saturated metal 2 
routing coitld be forced down to metal 1, dms allowing ex- 
tended use of metal 2. This was done with an mtemally de- 
veloped tool that read the routing that had occurred up to a 
certtiin stage, determined candidates for moving metal 2 
horizontal segments to metal 1 horizontal segments fnonpre- 
f erred direction), and finally mo%1ng those segments. This 
technique helped complete die routing m critically dense 
areas. 

Another technique for achieving better routing completion 
w£is channelization (see Fig, 2), \¥hen a routing attempt 
failed to make all connections^ additional routing chaimels 
were created hi regions where concentrations of discon- 
nects were obsen ed. The chaiinel obstructions were fed 
back to the floor plaimei', where tiie designer could make 
siu^e that the effective utilization of each block weis stdl 
below the safe limit. If necessary, blocks were enlarged. 

Postroute Analysis 

After placement and routing were complete, the capacitance 
and RC delays were extracted by an internally developed 
tool, eclare. eclare read the GARDS database to obtain the 
macro and routing information for the design. Tlie Verilog 
gate level netlist was also read so that the connectivity pres- 
ent in the GARDS datai:)ase could be verified against the 
netlist connectivity, t dare then used the GARDS data to con- 
struct four arrays of grid points (one per metal level) that 
described the metal present at evei'^' grid location. The infor- 
mation stored at each grid point included metal width, type 
of metal, directions of connections, an index into a table of 
pui and net names, and a \isited flag. 

Storing this much information per grid point is expensive in 
terms of memory (720M bytes of storage is required to hold 
the grid data for the current clups). but it greatly sinti^Ufied 
the detennination of neighbors during the extraction process. 
The project had access to several machines that had IG 
b>tes (or moi^e) of physical memor^^, so the storage reqtiire- 
ment was noi a serious impediment. This data structure also 
allowed die mn time of the tool to be fairly short, eciare ran 
in less thati 30 minutes, witli about half of the time being file 
input/output. 

The extraction process begaii after all of the grid uifonnation 
was loaded. For e\'en' dri^ er on each net, eclare traced all of 
tlie metal attached to tiie dii\1iig pm. As tlie net was traced, 
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a list of nodes and segments was built for use in sohing for 
the equivalent Jt-model and RC delays. 

For each grid point traced, nearbj^ grid locations were exam- 
ined to determine their contents. WTien all of the neighbor 
infoimadon was determined for the current grid point, a 
lookup table was consulted to obtain the capacitance \'alue 
for this neighborhood configuration. This capacitance and 
the resistance for the current metal level were added to the 
appropriate entn^ in tiie segment list. The capacitance value 
was also added to a counter for each of I he neighboring nets 
for use later when determining the cotipling factor. 

When all of the net had been traced, the List of nodes and 
segments was used to solve for the RC delays to the input 
pins and the equivalent ,T-model at the dri\ er. All neighboring 
nets were examined to detemiine the maximum amount of 
capacitance that was coupled to the target net. If the maxi- 
mum coupled capacitance to any single neigliboring net 
exceeded 2(}h of the total cajjacitance for the CLirreni net, 
the routuig had to be atUusted to decrease the coupHng. The 
couplmg percentage was used to create a minimum/maxi- 
mum range of capacitance values iu the equivalent jr-model 
that was later used by tiie timing veiifier. 

ecEare performed a few other tasks in addition to the extrac- 
tion. The Fi^jitsu toolset checked for nets that failed their 
antenna rule ({oo much unteiTninated metal connected to 
the gale of a naji^i^H)i' during fabrication), eclare also made 
this check, but earlier hi the overall design flow. Optionally, 
eclare could output a distributed RC SPICE model for any of 
the nets in the design. Finally, eclare produced a file of clock 
rail loading that was used to determine the nimtber of rail 
balance loads needed to equalize the toLaJ capacitance on 
each rail. 

Last JVUnute Changes 

Given the large latency horn RTI. behavioral change through 
Synopsys and re.syntliesis to placed design (usually tliree to 
four days), an interactive tireak editor was constructed to 
allow designers to edit the netlist and placement interactively 
This X Windows tool displayed the placement, netlist, and 
timing infonnaiion graphically and then allowed tlie designers 
to add, chajige, delete, and move parts and make other 
changes. Global chip timing Infonnation was tipdated in real 
time so that the effect of these netlist edits was instanta- 
neously viewable. 

The tweak editor gave the designers more than enough lati- 
tude to change the logical behavior of the gate design (and 
sometimes that was the exact intent). The new i\etlist was 
logically verified against the RTL behavioral model with 
lover, the Boolean equivalence verification tool 

Vendor Interface 

The vendor Uuerface consisted of a front end, where Ubraries 
of various formats were received from the vendor, and a 
back end, where ultimate tape-out-ready design files were 
sent to the vendor for go-to-make. 

On the front end, the vendor supplied all necessary libraries. 
Some of these were charactedzadon data files in the vendor's 



internal fomtat, and the rest were in various standard for- 
mats, such as \erilog and LEF Also provided was an tnie* 
grated set of programs that were pieces of the v^endors ov^ti 
proprietarj' ASIC development package. These programs, 
which included the vendors LCABFE and GU>SCAD pack- 
ages, also included hbrarT,^ data. 

The ph>isica3 libraries provided by the vendor were in the 
standard Cadence LEF format. An internally developed tooL 
i^flgsnis, was used to timislate the LEF description of the 
base array and the macros into G.-VRDS librai^^ fonnafs, Tlie 
letZgards translator had been used in previous projects, and 
only required some minor modlficarions to work with the 
vendor^s CMOS LEF files. 

On the back end, another tool dff2def, was dev^eloped to read 
the OARDS design file (using GEARS access routines) and 
produce a logical netlist in the vendor's proprietao' format. 
FLD, as well as a Cadence DEF (Design Exchange Fonnatj 
fde, w^hich contained all of the physical infonnation such as 
placement and routing. The FLD file was imponed iitto the 
LCADFE ventlor package, where certain netlLst expansions 
and design nile clieeks were done. Then the GLOSCAD 
package was used to import the LCADFE logical data and 
the DEF file physical data. This was followed by a nm of the 
GLOSCAD laychk program, which did a thorough pbysical 
design nile check. Finally, the GLOSCAD pdilmake program 
produced the z-model arul RC data, which was folded back 
into the LCADFE package for postlayoul timing simulation. 
A complete set of vector simulations was then nm to veiiij^ 
both timing and logical aspects of tl^e design. 

After detemunation of successful timing and clean LCADFE 
and GLOSCAD iims, and after passing a stiingent tape-out 
review, the appropriate design files (essentially tar snapshots 
of the vendor^s LCADFE and GLOSCAD user design tree) 
w^ere transferred via ftp to the vendor's site, A go-to-make 
release usually followed within a few days of the original 
transfer 

Con elusions 

Commercial s^oithesis and layout tools alone were not suffl- 
c lent to acliieve the ASIC performance, density, and time-to- 
maikei goals of the S- and X<iass machities. A significant 
investment w^is made in both internally developed and conv 
merciaJ CAD tools to put together a higWy optimized physical 
chip design process. The resynihesis process coupled with 
in-house place-and-route tools minimized direct hiunan inter- 
action in optimi/Jng the s>mthesized designs and made it 
possible to achieve the project design goals, wliich would 
otherwise not have been possible. 
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Fast Turnaround of a Structured 
Custom IC Design Using Advanced 
Design Tools and Methodology 

Through the use of several new tools and methodologies, a small team 
of engineers was able to design and verify a 1 .7-mfllion-FET chip in eight 
months. The tools and methodologies used included a set of guidelines 
and timing constraints that were met by the customer a data path 
compiler, a highly tuned custom multiplier cell that was used in 87 
locations, and an automated top-level power connection scheme. 

by Rory L. Fisher^ Stephen R. Ilerbener, John R, Morgan, and John R. Pessetto 



Ttie HP IMACC rhip was developed to pm^dde image pro- 
cessing capaljilities. The Initial target application is medical 
imaging with geological applications as a potential ar€»a of 
expansion. The graphicaJ capabihties of I^L^CC inclndt 
spatial fOlering, edge detection miti enhancement, image ptm 
and zoom, image rotation, and window and level control. 
IMACC consists of three nv^ot components: 
■ The convolver circuit has a 3 x 3 programmable kemel''' mid 
can perfomi iow-i>ass or high-pass spatiaJ filtering, edge 
enhancement J and other functions. 

• The inteipolator is aji implementation of a 4x4 bicubic 
convolution kernel.'^ The interpolator can be configured 
to perform pan. zoom, and rotation. 

• A RMt -based lookup table is used for windowing and level- 
iiYg of image pixel intensities. 

In support of the various user-selectable operating modes, 
any or all three of the functional liloeks may be active at a 
time. The order of operations eati be changed as desireti. 
with the single Umitation that the convolver must precede 
Hie inteipolator if 1 loth modules ai'e in the chain. Wlien the 
unage \1sualizaTion ac^celerator board (IMACC is the heai1 of 
tills boaid) is attached to the HP HCRX grapfiics subsystem, 
sunultaneous convolution, zoom, rotation, and W'indoW' and 
level control of 1024-by-1024 pbcel, 16-bit medical images at 
40 frames per second are possible. The accelerator can pro- 
cess more than 40 million pixels per second independent of 
the number or order of Internal operations. 

Customer Interaction 

As a result of our experience in designing nimierous ICs for 
various customers, our laboratory'^ has developed some iirac- 
tical, informal guidelines for designing ICs. At the beginning 
of the EVL^CC project, w^e met wiUi the customer (ai\other 
PIP laboratory) and discussed these guidelines along with 
project goals. The guidehnes we provided to oiu" customer 
aie as foUow^s: 



' A kerneJ is 3 functjonal unit that ea^ be repeated as needed A 3 x 3 pn^giBmrnabie feemel 
psrforms a progrannmable function on a 3 x 3 arrav Q^ piK^I^ A 4 x 4 bicubic Qonvo!yriciT\ 
kfifflel perfonns a brcjbic: conyttfutfrni on a 4 x 4 arrav of pixets 



' Tlie piime directive: Signal groups such as mtil list ate drivers 
on a single bus, multiple set signals into a fhp-flot>t or multi- 
ple set signals into a multiplexer, may cause dnve fights and 
therefore need to be completely decoded from the euiTent 
slate of the control inaetiiue so Uiat one and only one will 
fire. This requirement must hold e\-en if the eliip comes up in 
a rat^dom state. Exceptions to this have caused significant 
delays in schedule right before tape release. 

■ Signals require a consistent namhig convention. 

' Update flip-flops on the falling edge of the clock (single-edge 
timingj. 

UTien ghtchless values ^ue required (Gray code counters, 
etc ), they must come directly out of flip-flops. 
Resets are typically hea\dly loaded and will probably caase 
timing problems. Have each control block latch its ow^n 
version of the chip reset, then generate its own local reset. 
Tills helps timing at the expense of latency. 
Don't design multistate paths. Complete timing analysis of 
such a path is not possible in any design tool 
Don't set ajid dump the same FIFO or HAM location at the 
same time. 

Keep Synopsys blocks small. 
Keep large register llles in the data path. 
I 'se no ck)ck uncertainty (skew) in S^Tiopsys. It w411 be 
there, but is better allowed for by reducing the period. 
Don't allow Synopsys to try to fix hold problems. There 
should be none by design. 

When setting your timing constraints, allow some slack for 
RC delays, tiie local clock generator, and incremental delays 
that will be introduced when acuial routing caimeitances 
are substituted into the timing model. For exam]:*ie. 15 ns 
mi gilt be a good period constraint at 60 .MHz. 
As constraints (timing and loading) become more accurate » 
make sure lo continue to update them in your design. 
Accurate is better than consen ative in S>Tiopsys* 
Simulate at the board level as soon as possii>le, 
Smiulate timing between blocks as soon as possible 
(schematic simulations are fairly accurate). 
Simulate the chip coming up m random states as soon as 
possible. A proven way to do this is to make siure the chip 
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can come up with unknowTi values in ali memorj^ elements, 

including flip-flops and registers. 

The higliesi'pnority design goal vvas to ha\ e a working 
IMACC s>'sreni to demonstrate at an upcoming conference. 
We created a schedule consistent with this goal incorporat- 
ing the necessai>' checkpoints. Two of the most important 
checkpoints: 

• We were to dehver a top-Jevel. schematic-based Wrilog gate 
model to the customer so they could begin regression tests 
at die sjiitem level This allowed them to identify' design 
problems early. 

• The customer was to freeze the function of m^or data path 
blocks by a scheduled date. This allowed us to construct the 
artwork in a single pass. 

Setting a rigorous schedule as the first priority forced a 
streamlined design. Using a single clock domain made die 
design less complicated. A large data path block %\ith non- 
critical functionality was eHminated because it would 
require too much design lime- Tlie die size %vas determined 
early and a previously characTerized package was used. 
Timing budgets were kept conservative to ensiu*e that 
IMACC would nm at 45 MHz after parasitic loading was 
added. 

Suice all decisions were based on meeting oiu* pnmaiy ob- 
jectiv^e, "creeping featurisuf was eliniiiiated. The customer 
was infomied of the schedule impact that the addition of a 
new hmction unphed. hi most cases they were not willing to 
sutler a postponement of the chip release date- 

We also shortened the design time by making sm-e that when 
we sent tJiem a new gate model of the chii>. we had all the 
latest changes and we had no problems with rhe syntax of 
the model. To do this we used several tools (awSEm, eval, etc.) 
to check for comiecti\1ty problenis. We used an in-house 
history* management system to mauitain revision crmtrfjl of 
these gate models. 

Custom Multiplier 

One of the key pieces of circuitry on IMACC in terms of 
design leverage was an integer multiplier. The imaging algo- 
rithms that we implemented t.yi>ically executed a large sum 
of product tenns. As an example, the convolver block in 
IMACC sweeps a 3 x 3 matrix across the source image t^a 2f > 
array of pixels), niultiphes the rune i^oefficieuLts in the matrix 
by the corresponding pixels, m\d adds these nine products 
to compute a single new pixel value for the target image. 
Therefore, this block alone required nine multipliers and 
eight adders. With the customer's help we found that we 
could consolidate most of Ihc multipliers uitcj one design. 
The result is thm in the IMACC design, a single iS x IS inte- 
ger multiplier circuit is used 8? times. 

It then became v&ry important to make this nntltiplier as 
dense as possible. This problem was attacked on two levels. 
First, an area-eflicient aichitecture was chosen, and secondly, 
the key rnultipher cell was [lainstakingly designed and laid 
oitt to redtice its area as much as possible. 

The architecture we chose was a radix4 (two bits at a time J 
Booth -en coded arrayJ A standard multiplier array ui our 
case consisted of 18 rows, each row representing the result 
of one of the multiplier bits times the whole multiplicand 
value. Sint:c the Bootli-encoded array looks at two i>its of 



the multiplier times the whole multiplicand in each step, this 
cot the number of rom^s m half to nine, h turned out that the 
increase in the row height resulting from a more complex 
imit cell was well below the hei^i of nv^o of the standard 
rows. (However, there is additional circnitr\^ tliai needs to 
he added to perform the Booth encoding of all of the sets of 
two multiplier bits. ) As a side benefif, cutting the multiplier 
rows in half also increased the circuit s sjjeed- 

This speed-up benefit helped v^ith our second task of reduc- 
ing riie area of the critical muldpher cell. Oiu design require- 
ment was to execute the IS x IS multiply in a single clock 
state (22 ns). When the circuit was iniriaUy buih. it executed 
the multiply in about two tJiirds of the requii^ed time (about 
14 ns). Therefore, it was possible to siirink the critical cell 
by reducing the FET sizes until the cell delay increased the 
multiply lime to the 22 -ns limit. Along with some diligent 
ait work layout, tliis produced an extremely' dense cell. 

Our final 18 X 18 Booth-encoded multiplier is 864.0 |tm wide 
by 307,8 um high for a total area of 0.2fK> mm-. Using the 
standard multipher anay, this multiplier would have beeti 
648.0 j.mi vvide by 446.7 um hi^ for a total ai*ea of 0.289 nmi-^. 
ConsideriJig just the areas of the multipliers, the savings per 
multipher is 0.023 mm- and the total savings for I]\L\C(^ is 
2.0 nim-. However, the aspect rado of the standard multipher 
did not fit well with tlie IMACC datapath blocks (18 bits 
wide versus 24 bits wide). Taking mto consideration the 
emptiy^ spaces that the standard imiltiplier would have pro- 
duced, tJie savings per nmltlplier increases to 0. 123 mm- and 
the total savings for IMACC increases to 10.7 nmi^. 

The custom nntltipliet design cut schedule time for two 
reasons. Csing it 87 times in numerous blocks across the 
chip saved us the time we would have spent assembling 
(and possibly designing) nmltipliers for each sjjeciftc need 
in the different blocks. Second iy, tlie signillcaiU urea saviitgs 
we realized made the job of top-level chip n>uting miich 
easier and consequently faster^ since the top level blocks 
were smaller. 

Data Path Compiler 

We were able to save many houi^ of artwork layout time 
througli f he use of Dpcl4r a data path artwork generation 
tool that places and rouies data path blocks. A data path is 
made up of hieraichiciil horizontal shccs, oft en ciilied macro 
cells, that aie usually, Lmt iu>t always, bit- wise logic repeated 
as many times as needed. Examples of macro ceUs are a two- 
input, 32 bit register, an 18-hit ripple can"y adder. anoUTcr 
data patii bloc*k, or a custom data path blrnvk, Tlie program 
dpc_tiEBr was used to build many of these macTO t;ells. Macro 
cells can be placed vertically or iioiizonlally with respect to 
one another. Routing i.s done over and between macro cells 
to connect signals witliln the data path. Tlie user hcis the 
al>ility to control placement and how signals are routed. The 
user can assign signals to specific data path ti^acks or tlefer 
routing of signals such that the aliow layers for liie signals 
(layers that ciui be used later in the design to route signals) 
are placed on unused tracks. 

To use Dpcl4. we first generated a l)pt*l-J intml file, which 
was cTcated from the sciiematic Bk)ck l)es<'ri[ition [.«ui- 
guage (BDL) file. The Dpcl4 inj^iit file ttnild als<3 be gener- 
ated from a Verilog net list file. The loot bdJZdp was used to 
generate the uiput file from the schematic BDL for most of 



)Copr. 1949-1998 Hewlett-Packard Co. 



AprU 1097 Ilewlelt-Patknrtl .lonrtiiil 105 



the IMACC data path blocks that used the schematic BDL, 
A simple input file is shown in Fig. 1. 

Artwork encapsulation information needed to be extracted 
for each macro ceil used in the data path. The Perl script 
dpEncaplnb was used to extract information about how to 
connect to ports within the macro cell. It was necessary to 
specify to dpEncaplnfo any wan cells on the left or right side 
of the macro cell. For instance, a typical DPLIS14 register has 
tw, o wart cells on the right side of the macro cell. In tliis 
case we used dpEncapinfo -r 2 to build the encapjnfo file 
correcily. This specified that there were two wart cells on 
tJie right side of the register macro cell. 

After the Dpcl4 input file was created and encapsulation 
information had been extracted, the Dpcl4 program was 
used to generate an artw^ork archive that could be read mto 
our artwork editor The Dpcl4 file could then be edited if 
the artwork needed to be modified, allowing us to make as 
many iterations as needed to produce the desired result. 



-block dpcl 
-trackassign a 5 
-dpwidth 24 
-Eiewrow { 

-inst HOLE TOP 24 { 
-dpsig A[23:0] a[233 
"dpsig B[23:0] bt23i 
} 
} 



-newrow { 

-inat REG2 24 raga 24 { 

-dpalg INA{23:0] at23:0] 
-dpsig INB[23:0J b[ll:0] 



-dpaig OtJT[23:0: out [23:0] -matall 



> 



} 



-nswrow { 

-chanroute { ™ signal cinput [23 : 0] -right } 

-inst MUX224 muxa 24 { 

-dpaig INA[23;D] a [23:0] 

-dpsig INBr23^0] Out[23:0J -m^itall 

"dpsig INC [2 3:0] cinput [23 : 0] 

-dpsig OUT [23 J 0] muxa[23:0} 

-cntlsig SELA sela 

-cntlsig SELB selb 

-cntlBig SELC selc 

} 



) 



-newrow { 

-tnst HOLE BOTTOM 24 { 

-dpaig muxa[23:0] mu3tat23:0] 

> 



Fig- 1, A simple input file for the DpcH data path artwork 
generation tool. 



Local Tbolbox 

A niimbc?r of relativ(?ly simple scripts and programs of our 
oT^Ti devising were combined into a local toolbox for the 
project. The more significant of these are described here- 

The mkcnti script uses S^Tiopsys, block place-and-route, and 
other tools to go firom a Synopsys netlist tlirough schematic 
to artwork with parasitics in one command. Of course, one 
must iterate on the place-and-route portion to ensure work- 
able size, form factor, and port locations. An iteration can be 
accomplished with mkcnti -b. 

We used a connectivity tracer that reads schematic (scip) 
BDL and reports the connectivity of the specified instance 
or net. The trace is Uniited to one level of liierarchy. For net 
names, regular expression pattern matching is available. 

We automated a lot of the top-level power connection of 
IMACC using tw^o scripts. Several steps were involved in this 
methodology. First, two symbolic layei^ were used, one for 
VDD and one for GND, to define where the metal-4 power 
buses would go, Next, the getpwrconn script used trmw to 
find the intersection of the meial-3 power buses with the 
symbolic layers and dumped them into an artwork editor 
archive fde. Last, the gen_pg_conn script placed con tact -4 
contacts in the intersection areas and filled the symbolic 
layers with n\etaJ 4. 

Our addailow script selects VDD, GND, and CLK metaI-3 shapes 
by size and copies them to metalS, allow and contact4.allow 
layers, permitting connection to over-the-cell metal 4. 

There are two shieldmaker scripts in our toolbox: addshfeld2 
and addshiel(J3, These scripts fill the unused areas of the inter- 
mediate (cross-channel) metal layer in routing channels. 
These areas are then tied to GND or VDD to pro\ide crosstalk 
shielding for signals running the length of the channel. 

Diode placing software was used to eliminate large numbers 
of charge collectors. This software 0nds traces longer than 
1000 [iin m a routing chamiei and locates areas where diodes 
can be added witliout introducing design rule check errors. 
This technique worked well for our project, which had a 
tight schedule, lots of charge collectors, and n^nimal timing 
problems. 

All of the scripts that add shapes to a source block do so 
through intermediary block pieces to ease modification or 
rebuilding of the added fimction. 

Results 

The 1JVL4CC chip was demonstrated in systems at the Radio- 
logical Society of North America conference ui Chicago on 
November 27, 1995. 

The I]\IACC chip contains 1.7 million FETs in the HP 
BiCM0S14QC process operating at a 45-MHz clock frequency. 
It is predominantly a data paUi design ^vi\h 98 integer multi- 
pliers perfomting 4 billion integer multiphes per second on 
18-bit or larger operands. A breakdown by design style is as 
follows: 
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Style 


Percent of 

Total FET 
Count 


Mymlier of 

Standard Dell 
Gate Equivalents 


Thousands of 
FETs per mm^ 


Data Path 


i^y^; 


4L>7.00u 


22.0 


Standard 
Cell 


10% 


53,000 


10.8 


RAM, 
Fll't) 


21% 


(>48K bytes) 


42T 


Pads, 

Clock, 

etc. 


y% 







Some additional statistics for the EUACC project include: 
2342 FETIVday, 8673 FETs^^min-, and more than 55O.0O0 
standard cell equivalent gates. 
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at Hp^s Electronic Measure- 
ments Division, Boh Wifte 
is responsible for managing 
product development for test 
and measurement equip- 
ment. Previously he was the 
HSiD project manager for the 
HP 54600 Series oscillo- 
scopes and earlier worked as an RStD engmeer in ttie 
HP oscilloscope lab He also was an adjunct professor 
at Colorado Technical University, where he taught 
eiectrica] engineering for several semesters Before 
thai, he was an R&D project manager at HP's Lake 
Stevens Instrument Division. He is named as an 
inventor in two patents, one on frenuenty-domain 
measurements and the other on HP 54645 acquisition 
techniques He has authored two books, one on elec- 
tronic test insirumenis and the other on spectrum 
and network measnrements, He has also written 
numerous articles on etectronic measurements and is 
a senior member of the IEEE. He is currently working 
towards a Management of Technology degree from 
the National Technological University. Bob received 
a BSEE degree in 197S from Purdue Umversitv end an 
MSEE degree in 19BD from Coforado State University 
He joined HP's LoveEand Instrument Division m 1978. 
In his free time, He enjoys amateur radio (KBOCY) and 
outdoor activities in the Colorado mountains 



10 Testing 3 Mixed-Signal Design 



Jerald B. Murphy 




Jerry Murphy is the product 
manager for the HP 54&D0 
Series waveform products 
Before that he was the 
product manager for the HP 
54120 family of microwave 
osci 1 1 OS CO pes and TDR prod- 
ucts, He is professionally 
Intejesied in developing 



marketing communication techniques for engineers 
using HP electrontc instruments. He has written sev- 
eral articles and presented papers on topics ranging 
from TDR to oscilloscDpe measurements. Jerry was 
horn in Tyier, Texas and received a BSEE degree from 
the University of Tejosat Arlington in 1964. Aftor 
graduating he worked in the aerospace industry be- 
fore ioining HP's Southern Sales Region at Richard- 
son, Texas in 1969, He later jomed the marketing 
group at HP's Colorado. Springs Division, Jerry is 
married and he and his wife each have two grown 
cfiifdren. They also have two grandchildren One of 
jerry's passions is free -flight aeromodeling He is 
a member of a clul3 devoted to this spnrt and also 
serves an the U,S, national rules committee for the 
Academy of Model Aeronautics. He is presently the 
holder of a U.S. national record for gas-powered free- 
flight models. He has ffown competitively in Austra- 
lia, Europe, Japan, and l\!ew Zealand and was the 
U.S, national champion in 1991 He also enjoys pho- 
tography, hiking, and camping in the Colorado moun- 
tains and is active in the Boy Scours. 

T3 Mixed'Sipal Oscilloscope Design 



Matthiw S. Holcomb 

An R&D engineer at HP's 
Electronic Measuremenis 
Division, Matt Holcomb con- 
tributed to the acquisition 
system design of the HP 
54645 A/DosGf I Iosco pes 
Previously he contributed to 
the acquisition system iCs 
for the HP 54600 Series of 
oscilloscopes, He is professionally interested in HDL 
ASIC design and synthesis. He ts named as the 
inventor in two patents on dithering and autoscale 
lopofogy. Bom in Ausburg, Germany, he received a 
BSEE degree in 1985 from Colorado State University 
and an MSEE degree from the California Institute of 
Technology in 1986. After graduation, ho joined HP's 
Colorado Springs Division Matt is married and has 
three children. He enjoys backpacking with his family 
and growing perennials and trees in his garden. 





Stuart 0. HafI 

Stu Hall is a software devel- 
opment engineer at HP's 

Electron i c M eas ore m ents 

, ^^^^ ^e^i^l D'^isinn, where he is respon- 
&MHi^ ^^^H sible fur em bedded system 
'^Hmik'-^' ^I software development He 
'^H^^-' ' ^H contributed as a software 
^PPJ^^^ 9^^ d es i g na r on th e HP 
^^^^^* .1^^ 54645A/D Dscilfoscope 
project Previously he developed software enhance- 
ments for the HP 54600 Series oscilloscope family. 
Earlier, as a manufaciurmg engineer, he developed a 
test system for oscilloscope manufacturing and co- 
authored an HP Journal article on the subject He is 
professionally interested m user interface design and 
is named as an inventor in a pending patent on pan 
and zoom features Born rn Bryan, Texas. Stu received 
a BSEE degree from Texas ASM University in 1987 
Before joming HP's Colorado Springs Division in 19S9. 
he worked at Texas Instruments developmg power 
supplies and motor controllers, Stu is married to 
another HP employee. He is a movie buff and a sports 
fanatic and is a resident consultant on home theater 

Warran S. Tustin 

As e hardware development 
engineer at HP's Electronic 
Measurements Division, 
Warren Tusiin is responsFble 
for the digital design of 
oscilloscope products. 
He contributed to the HP 
5464 WD acquisition sys- 
^ ^^ tem and board level design. 
He IS named as an inventor m two pendtng patents on 
displaying waveforms and on triggering techniques. 
He received a BSEE degree from Montana State 
Universitv in 19BQ, After graduating he joined HP's 
Colorado Springs Division. Warren js marned and 
has three young children. Both he and his wife teach 
Sunday school at their church. Warren also serves on 
the board and is aotive in the youth clubs. He enjoys 
spending time with family activftJes and in his free 
time likes doing small electromcs projects. 
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Patrick J. Burkart 

Patrick Burkart is an BSD 
software engineer at HP's 
Electramc Measurements 
Divishon. He IS responsible 
for firmware design and de- 
vefopment for the HP 54500 
DSdIloscope family and 
worked on the HP 54645A/D. 
He was awarded a BSEE 
degree from Vilianova University ml 978 and MSEE 
and Engmeer degrees in 1979 and 1981 from Stanford 
University. After graduating he worked ai Raytlieon 
Company dumg micrawave tube design, then later 
d\ Texas Instruments as a system engineer on an 
emitter locetion system and as a devebpment engi- 
neer on a radar receiver subsystem He joined HP's 
Colorado Memory Division in 1993 and worked on 
firmware and hardware improvements for tape 
drives. Patrick was born in Chicago, Illinois, is 
married, and has four cliildren. In iiis free time he 
enjoys hiking and camping. 

Steven D, Bosch 

An RSiD engineer at HP's 
Electronic Measurements 
Division since 1988, Steve 
Roach has worked on oscil- 
loscopes and osc 1 1 lose ope 
probes, He contributed to 
the analog design of the HP 
54645A/D ascilloscopes. He 
IS professionally interested 
m analog circuit design and IC design and is named 
as an inventor in twe patents on a precision program- 
mable attenuator and a low-capacitance divider probe. 
He is a member of the IEEE end author of a chapter 
on oscilloscope signal conditioning in a hook called 
JhB An and Saence of Analog Cirtuit Design. Steve 
was awarded a 8S degree in engineering physics in 
1 9B4 from the University of Colorado and an MSEE 
degree in 1988 from Ohio Slate University From 
1994 to 1986 he worked as a computer designer at 
By rro ugf^s Corporation . 

23 Sustained Sample Rata 



Steven B. Warntjes 

An RSiD project manager at 
HP's Electronic Measi/re- 
ments Division, Steve 
Warntjes manages hard- 
ware and software projects 
for the HP 54600 Series 
products Hehaswnrten 
numerous technical articles 
about emulators, logic ana- 
lysers, and oscilloscopes He joined HP's Logic Sys- 
tems Division in 1383 and worked on the hardware 
and software design of in-circuit emulators. He also 
did logic anafysis and was the product line manager 
at HP's Eorapean Marketing Center Born in Sheldon. 
Iowa, Steve received a 8SEE degree from South 
Dakota State Urn vers sty. He is married and has three 
children. He is keenly interested in karate and has 
earned a fifth-degree tjlack belt. 




26 Acquisition deck Ditheririg 

Derek E, Toeppen 

Derek Toeppen is an R&D engineer at HP's Electronic 
Measurements Division, He contributed to the hard- 
ware design of the HP 54600 Senes products and the 
oscilloscopes reported on in this issue. 

29 Logic Timing Analper 

Steven B. Warntjes 

Author's biography appears elsewhere in this section, 

34 High-Sample-Rate OsciNoscepes 

R. Scott Bfunton 

^^^■^^^ A software development 

^^^^HH|k engineer at HPs Electronic 
^^BH \ Measurements Division, 

^^^^_ y^ Scott Brunton is responsible 

^^^B% *V^ V for new product develop- 
^^K^fL M ment. He was the principal 
^^HflFr^ ^^ desi gner f a r th e D S P su bsys- 
^^^^^^^^^H te m a nd co ntr i buted to th e 
^^ ^^^^ ^" system software architec- 
ture for the HP 54&153/16B oscilloscopes, in addition 
to software development for the HP b45xx oscillo- 
scopes, he has done software development for the 
HP 1 65xx logic analyzer and hardware design for the 
HP 1 B520/21 pattern generator module for the HP 
16500A. A member of the IEEE, he is professionally 
rnterested in software reuse and quality improve- 
ment and in system-level design and architecture, 
and has authored two articles on these subjects, 
Born in Toronto, Ontario, Canada, he received a 
bachelor's degree in 1980 and a master's degree in 
1981, both in electrical engineering from the Univer- 
sity of Waterloo. He joined HP Laboratories in 1981. 
In 19S9 he received an MBA degree from the Univer- 
sity of Colorado at Colorado Springs, He is also a 
professional engineer in the State of Colorado. Scott 
is married and has three children. He is a Western 
Region trainer for the Boy Scouts of America and is 
the Refers e-m -Chief of the Rocky Mountain district 
of USA Hockey. 

37 Dietectric Spectroscopv 

Hidekj Wakamatsu 

Hideki Wakamatsu is an 
engineer at HP Japan's Kobe 
Instrument Division.. He was 
the project leader for the 
development of the HP 
E5O50A colloid dielectric 
probe and is named as an 
inventor in three patents 
concerning the symmetrical 
structure of the probe and the correction method. For 
the last ten years he has worked on the design of 
impedance meters and has developed new types of 
impedance bridge circuits, wliich are trnplemented in 
the H? 427BA/73A, HP 42854 and HP 4291 A fmped- 
ance meters, Born in Fukuoka, Japan. Hideki earned a 
master's degree in electrfcal engineering from Yama- 
guchi University and joined HP in 1982, He loves 
scientific parado!<. 






45 ATM Network Impairment Emulator 



Robert W. Dmitroca 

Since joining HPs CommU' 
nications Measurements 
Division in 1994. Robert 
Dmitroca has been a hard- 
ware design engineer work- 
ing on ttia HP Broadband 
Series Test System IBSTS), 
He worked on the hardware 
design for ttre HP E4219A 
network impairment emulator. Since then he has 
become a product marketing engineer for the BSTS. 
Before coming to HP, he worked at Me wb ridge Net- 
works where he designed an ATM network interface 
card for Sun workstattons. He also worked at Glen- 
ayre Electronics where he designed CPU memory 
cards, voice stnrage cards, and clock sources. Born in 
Edmonton, Alberta, Canada, Robert received a BSEE 
degree from the University of Calgary in 1987 He is 
married and has one daughter Running and hiking 
are his favorite hobbies. 

Susan G. Gibson 

A technical writer for HP's 
Communications Measure- 
ments Division iCMDl, Susan 
Gibson is responsible for 
developing leammg products 
.and designing online help 
for CMD's video products. 
She recently created the 
learning products for the HP 
£421 9A ATM network impairment emulator and be- 
fore that for the HP Broadband Series Test System. 
Professionally interested in user- centered design, she 
is a member of the Society for Technical Communica- 
tion and teaches technical wrrting at Simon Fraser 
University in British Columbia. She received a BA 
degree in 1977 in linguistics from the University of 
British Columbia and the nen year did postgraduate 
studies in linguistics at McGill University- In 1994 she 
received a diploma in computer information systems 
from Langara College and was awarded the Governor 
General's medal for the work she completed m the 
program, Before joining HP she taught adult education 
including ESL, literacy, and effective writing and de- 
veloped ESL and literacy curricula. Susan was born in 
New Ha^fen, Connecticut and has two children. Her 
outside interests include Jungian psychology, fiction 
writing, gardening, reading, hiking, traveling, and 



Trevor R. Hill 

Trevor HjII is currently a proj- 
ect manager in the digital 
video test area at HP's Com- 
munications Measurements 
Division He was the project 
manager for the HP 42 1 9A 
ATM network irr^painnent 
emulator He is profession- 
ally interested in hardware 
design anii :i :m,i.c-j as an mventor in a patent in- 
volving data alignment. He is a member of the Asso- 
ciation of Professional Engineers of Alberta. He was 
born in Edmonton, Alberta. Canada and received a 
BSEE degree in 1981 and an MBA m 1386, both from 
the University of Alberta, Canada. Before loining HP, 
he worked as an integrated circuit designer at Bell 
Norttiern Research, then at NovAtel Communications. 
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Trevor is rnafried and has four d>tldfen His hoblsies 
iriciLKle woodworking and spods. 

luisa MqI3 Morales 



f% 




Liiisa Mola gradt^tBd in 

r j*5' re ence from tfie Uni- 
.? : :£:Folittotcade 
_ ''--■" :PMJ. wtiefe sf»e 

Ij :i1 1 n hardware de- 

J i . y i d f ij computer grtpft i :s 

* ^ slie joined the Brctadijand 

Switching Oivismn of Telefonica l+D. v#f re she has 
been working cm the design of hjgh-sfsed hardware 
and hardware- saftware implementations of mathe- 
matical algoriihms sych as the "leaky bucket" algo- 
ri'thm. In 1993 she started studying aspects of ATM 
pertomiance, which resultfld in the basic design of 
the HP E4219A ATM network impairment emulator 
Other studies she has woited an include the trans- 
port of ATM over satellite, the impact of physicaf 
impairments on ATM adaptation layer performance, 
and aynchroniaatian on STM links. 

ChongTean Qng 

ChongOngisasystem 

design engineer at HPjs 
Communotions Measure- 
ment Division and is cur- 
rently responsible for eval- 
uating ohjective quality 
assessment techniques for 
MPEG -2 video systems. He 
did system testing and qual- 
ity assurance for the HP 42 ISA ATM network impair- 
ment emulator He is profess ionalty interested in tele- 
communications and MPEG video, and has coauthored 
several articles and conference proceedtngs on COMA, 
error control coding, and other subjects. Born m Batu 
Pahst, JohDr, Malaysia. Chong received a BE degree 
with honors in t986 from the University of Western 
Australia and an M.Asc degree m electrical engi- 
neering in 1390 from the University of British Colum- 
bia, where he js currently pursuing a PhO. Before 
rejoining HP, he worked at MacDonald Dettwilor and 
Assoc fates as a software engmeer working en syn- 
thetic aperture radar and satellite imagery systems. 
He joined HP Singapore ml 986 as a manufacturing 
engineer, then worked as a QA engineer for UNI 
signaling before getting involved with HP's network 
em Ufa tor and video projects. Chong js marrted and 
has a boy and a girt. He is a member of HP's United 
Way campaign committee and in his free time er|oys 
playing tennis. 

51 Message HartdMng Svstem 



Satash^ Naganawa 

An R&O engineer at HP's 
Hachroji Semiconductor Test 
Division, Satoshi Naganawa 
is currently doing software 
development for mixed-signal 
test systems He joined HP 
in 19B6 as a development 
engineer, working on a 
development tool for field 
programmable gate arrays From 1989 to 1992, at HP 
Laboratofias, he de^/e toped logic syntheses software. 
In 1992 he jomed the Kohe Instrument Dtvision and 
worked on Japanese SS#7 software for ttie HP 37900 





pfotocol tester. In 1993 he moved to tfte Cofnmunica- 
trons Measurerr^nis Division as a developer of 
Ff^ne flelay softw^e for HP FT500 Serres pfotocol 
tfistsfs, later serving as tedinical lead for the mes- 
sage handling systerr^ reported in this issiie He 
rejoined HP Japan after thai proiect Satoshi was 
awarded a BS degree in apoiied ohvsics m 13SB from 
the Unjvef S3tY of tiect^-C : ''---m^- 

uaiifig he joined HP as a g- He 

wai born m Tokyo. Japan ari;: .u^ r,**c 'avGrue hol^ 
bies are skiiri and driving 

Richiid Z Zm 

SinceiopningHP^s Commu- 
nications Measurements 
Oivisionin 1594, Richard 
2uD has been ivories ng as a 
software developer for the 
HP Broadband Series Test 
System. He recentty worked 
on the user-network inter- 
face iUMll signaling test 
software and is currently developing private network- 
node interface (PNNI) test software for ATM net- 
works. He is pfofessienally interested in GUI and 
telecommunications test software and is a member 
of the ACM Born in China, he received a master's 
degree in physics and computer applications in 1992 
from the National Science Research Council in China. 
In 1992 he was awarded his second MS degree in 
engineering science, specializing in graphical user 
mterface design, at Simon Fraser University [SFU] 
in Canada, He participated in ttie Intelligent Graphic 
Interface project at SFU, wtiere he developed a 
variable zoom technique to improve user navigation 
among telecommunication networks. He also devel- 
oped computer training software to help English- 
speaking people learn Chinese Richard is married 
and enjoys playing badmmton and traveling. 

59 00 Network Management 
Development 

Peter E. MeHquist 

^^m^^ A software design engineer 

^■^^^k at HP's Workgroup Network 
^F^ ^« Division since 1994, Peter 

W^x iS5*l ^^^ ' ^ ^ ' ^^ designs and bu i I d s 
" ^ r core technologies for net- 

^ /^^ work management. He is 

'^^^ ., currently building Web- 

ffkt0ltflt, based network management 
*^ ^ **- protocols and solutions. He 
recetved a 8SCS degree in 1988 and an MSCS degree 
in 1992, both from Caltfornra State University at 
Chico. Before joining HP he worlsed at Bently Nevada 
Corporation, where he designed and developed data 
acquisition protocols. In his spare time, Peter enjoys 
flyfishing, traveling, and gardening. 





Thomas Murray 

Tom Murray is a safmsi^ 
engineer at HP's TeJaHS 

Piatform Division and is cur- 
rently worlcing on network 
management solutions for 
thB bfoadbahd internet de- 
livery syslim. Previously he 
worked on network system 
management strategies for 
HPs multicomputer ctusiermg technologies and pro- 
vided tracing and iogging support services for HP-UX 
workstations. Tom received e SA degree in 1987 from 
the State UnsveT^Ef/ of New York iSUNY) at Potsdam. 
After graduating he joined HP as a software quality 
engirpeer designing test systems for network services 
and products. Motorcytlmg and traveling are two of 
his free-time activities. 

66 Vecto r N etwork Ana tyze r 

Frank K. David 

r .^^^^Sr^^ ^rank David IS an RSiD proj- 
I ^^^^^^ t:! manager at HP's Micro- 
wave Instrument Division 
and is responsihte for the 
next -genera! ion vector net- 
work analyzers. He joined 
HP in 1 969 as a microwave 
design engineer Since 19B1 
he has managed projects 
involving numerous HP products, including the HP 
1 1970 Series mdlimeter-wave mixers, the 1 1975 LO 
amplifier, the HP 85070A meteriais measurement 
probe, the HP 8753D/52C RF vector network analyz- 
ers, and the HP 8720A/C/D microwave vector net- 
work analyzers. He is a coauthor of a textbook called 
Elecifomc hsmment Hmdbook. He is named as a 
coinventor in two patents involving millimeter- wave 
signals He received a BSEE degree in 1965 from the 
University of California at Berkeley and an MSEE in 
1975 from Oregon State University. Before commg to 
HP, he worked for the State of California Department 
of Water Resources designing control circuits for 
pumping plant motors, Born in Sacramento, Frank is 
married and has two children. He actually enjoys 
doing home and auto maintenance in his free time. 

FredaricW.Woodhuilll 

A development engineer at 
HP's Microwave Instrument 
Division. Fred Woodhull has 
worked as a design engineer 
■■nrf project leader for over 
'!ve years on HP's network 
■'d spectrum analyzers. 
He joined HP in 196Basan 
instrument repair technician 
and later served as a production line supervisor and a 
production engineer As a designer, his projects in- 
clude hardware and/or firmware design for the HP 
8S05A, B754A, 8757C/D, and 87530 neiwodt analysers 
and project leadership for the hardware and firmware 
design of the HP B757A network analyzer He did the 
hardware and firmware design for the color LCD in 
the HP B720D vector network analyser, and is cur- 
rently developing a central processor for a family of 
network analyzers, Fred is named as a comventor in 
a patent on a circuit to count the marker frequency of 
a swept network analyzer Born in Ross, California, 
he served three years in the U.S. Army as a specialist 
hfth class. He has a teenage son who likes to join 
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him m camprng and waterskimg trips. Fred also enjoys 
working in his home workshop, perhaps recalling his 
adventures from the t960s when he sailed around 
the world in an 85-foot motor-sailer 

Richaril R. Barg 

Dick Barg is a product de- 
sign engineer at HP's Micro- 
wave Instrument OiviSfOn. 
He has worked on product 
design and mechanical engi- 
neering since joining HP's 
flDcl^away Division in 1966. 
^^^—^ , and has contributed to 
■^ ^^^^ " numerous products including 
the HP B699A RF unit, the HP BfiOSA sweep oscillator, 
the HP 074BB test set. and the HP .B753B/C/D, B754A, 
HP e755A, and HPe719/Z0/Z2A/B/C/D network 
analyzers Dick received a BSEE degree in 1964 from 
Fa^rleigh Dickmson University He was born in Jersey 
City, New Jersey, 3nd spent two years in the U.S^ 
Army. He has been married for 39 years and has two 
chHdren, Most of his free time is spent traveling the 
world. He has visited all of the continents on earth 
except Antarctica at least once, 

Joel R Dunsmore 

A development engineer at 
HP's MicrowaivB instrument 
Division, Joel Dunsmore 
works as an RF and micro- 
wave applications specialist. 
He did microwave switch 
and amplifier/detector de- 
sign and ALC design for the 
■'' HP B72DD vector network 
analyzer Before that, he did RF source, recesver, and 
test set design for the HP B753A/D network analyzers, 
the HP B3420 lightwave test set, and the HP 85047 
RF test set Professionally interested m RF and micro- 
wave measurement techniques, he has authored 
numerous articles and taught a course on these 
subjects, and consults in the U.S.. Europe, and Japan 
He is named as an inventor in three patents. He is a 
member of the Automatic RF Techniques Group and 
the Society of Cahle Telecommunications Engineers. 
Born in Oregon. Joel was awarded a BSEE degree in 
1982 and an MSEE degree in 1983 from Oregon State 
University. After graduating he joined HP and worked 
as an RF and microwave development engineer Joei 
fS mamed and has two children, He is a locai Cub 
Scout leader and his hobbies include woodworking 
and gardening. He also enjoys skiing and recently 
started building modeE railroads with his son. 

Douglas C. Bender 

Doug Bender is a software 
development engineer for 
RF and microwave network 
anafyzers at HP's Microwave 
Instrument Division. He has 
done software development 
fortheHP8757Aand 
872DA/B/C network analyz- 
ers and served as the firm- 
ware project manager for numerous projects incfuding 
the HP 33750 synthesized sweeper HP S71 xB RF net- 
work analyzers, the HP e753D/52C RF network ana- 
iyiers, and the HP 872xD vector network analyzers. 
Doug received a BS degree in 1973 from the U.S 
Military Academy and an MSEE degree in 1980 from 
Stanford Unrversrty. He then jumed HP's Santa Rosa 
Division as a product marketing engineer responsible 





for scalar and vector network analyzers. He has 

authored two articles on the scalar analyzer system 
and on microwave network measurement techniques. 

Born in Lincoln, Nebraska, Doug h married, and has 
a daughter. Amateur radio is one of his interests and 
hiscallsignisWWBD. 

Barry A Brown 

An engineer/scientist at HP's 
Microwave Instrument Divi- 
sion, Barry Brown is cur- 
rently responsible far data 
acquisition and DSP hard- 
ware and software design 
for network analysers. He 
designed the IF multiplexing 
circuit and other miscella- 
neous circuits for the HP 3720 D vector network ana- 
lyzer Previously he was a development engineer for 
the HP 851 OA network analyzer, project leader for a 
low-cost RF tracking generator, and development 
engineer for the HP 8753A/B/D network analyzers. 
He worked on data acquisition. IF processing, fre- 
quency synthesis, digital control state machine, and 
CPU design. Professionally interested in digital signal 
processing, he has authored or coauthored three ar- 
ticles and four conference papers about network 
analysis and is named as an inventor in a patent con- 
cerning no nh near network analyzer hardware. Born 
in Indiana, he received a BSEE degree in 1B75 from 
Purdue University and an MSEE degree in 1979 from 
Stanford University. His outside interests mclude hik- 
ing< camping, Windows programming, and fine So- 
noma County wines. 

Stanley E. Jaffe 

Stan Jaffa joined HP's Santa 
Rosa Division in 19B0. He is 
currently a development 
engineer at HP's Lightwave 
Division and is responsible 
for the firmware and digitai 
architectural design for the 
next-generation lightwave 
communications test instru- 
ments. Since joining HP he has contributed to a num- 
ber of pra ducts including the HP 709Q2/3 modular 
spectrum analyzer IF modules, the HP 8752/3 RF net- 
work analyzers, and the HP 8719/20/22 microwave 
network analyzers. He did the source frequency 
control design and firmware for the HP 8720D vector 
network analyzer He is named as an inventor m a 
patent on a phase-locking circuit and has authored 
two articles on thermistors. He is professionally inter- 
ested in real-time control firmware and Windows 
programming in C-hh. Born in Downey, California, 
he received a BSECE degree in 19&D from the Univer- 
sity of California at Santa Barbara and an MSCE in 
1993 from National Technological University Stan is 
married and has one cat. He is a board member at a 
local library and his hobbies include home remodel- 
ing, WDodwofking, guitar, piano, mountain biking, and 
computers. 





7B Interconnecl Geom^tr^ Optimization 



Khalid Rahmat 

Khalid Rahmat received BS 
and MS degrees in 1^5 and 

1987 in electrical engineer- 
ing, and a PhD in etectrical 
engineering and computer 
science in 199&, ail from the 
Massachusetts Institute of 
Technnlogy. Later in 1995, 
he became a member of the 
technical staff at HP Laboratories Fn the ULSI Lahora- 
tory. He is currently doing research in semiconductor 
device and interconnect design and oplimizatEon for 
high-performance integrated circuits. Professtonafly 
interested in these subjects, he has auttiored several 
articles and conference proceedings on his work. 
Before coming to HP, he worked at Standard Micro- 
systems Corporation doing semiconductor device 
characterization and mo deling. 

Soo-Young Oh 

Son- Young Oh received his 
RSEE degree from Seoul 
■.J 1 1 anal Uofversity in 1972, 
dr;d his MSEE and PhD rfe- 
grses in electrical engineer- 
ing in 1977 and 19B0 from 
Stanford University. He then 
Joined HP and is currently 
the manager of a group in 
the ULSI laboratory at HP Laboratories, working on 
process and device simulations, statistical metrology, 
and interconnect characterization and modeling, His 
work has resulted in thirty-one publications, and he 
has coauthored a book titled Camputer-Aided Design 
and VLSI Device Developfnent published by Kluwer 
Academic Publishers in 1386 and 1988. 
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Thomas J. Thatcher 

Tom Thatcher is a design 

-■^gineer at HP's Integrated 
-.:cuit Business Division 
Since 1 992 he has worked 
on the HP cobr LaserJet 
and the HP LaserJet 5P and 
5MP prmters. He is currently 
involved with the superin- 
teg rat ion of microprocessors 
on ASICs, For the phase-locked loop project reported 
in this issue, he worked on HDL coding and circuit 
design, rriodeling and simulation, and test develop- 
ment. He received a BSEE degree in 19B8 from 
Seattle Untverslty and an MSEE degree in 1992 from 
the University of Illinois at Urbana-Champaign. 
Before coming to HP he worked at Seattle Silicon 
Corporation asadesign engineer working on soft- 
ware testing of CAD tools, circuit design, and test 
program development. He is professionally interested. 
in circuit simulation and test design, In his free time 
he enjoys playrng the piano. 




1 10 April 1997 Hewlctt-Pai^kaj^d Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 




Michael M. Oshima 

^^^^^^ A circu it design engln^r in 

^^Pl^^^ ihe CaiFfsfnta Destin Ceiter 
^^^^^B 3! HP's Integrated CiroiFt 
■bp "^^ft Susmsss Oivlsmn. MM 
^^ "**^W j^hima is working on the 
lesign of analog CMOS cir- 
^urts fcr phase- locked loops 
dsmrs ttiat Ke designeit 
r - -^ .mrmmr-r\ •- high-spe&d bipolar ICs. Mike 
is pfDfesimallv interested m analog circuit design. 
He wa5 avarded a BSEE degf^ (n 1383 and an MSe 
deifee in 1SS7, both WJiii conceJitrations m semcon- 
ductor devices, ffom the Uncverstty of HawsJi. After 
graduatmg, he joined the HP Santa CJara TK:finicat 
Center as a new product introduction sngine^L sup- 
port3r>g the release of custom bipolar tntegrated cif- 
cuFts fn^m deveJopment to man Lifactu ring Mike is 
marriBd. In his free time he enjoys tennis, skimg, and 
growing orchids 

Cindy Botelho 

Cindy BmeJho is a design 
engineer at HP's Integrated 
Circuit Business Division 
(ICBDK She initiafly worked 
intheareaof failure analy- 
sis, then moved to REiD, 
•-vhere she worked on six 
ASIC designs for HP Laser- 
Jet Series 4 through 6 print- 
ers. Shij ADS [i>j design liaison for the ASIC reported 
on in this issue, and IS currentiy a program manager 
overseemg relationships with third-party vendors. 
She received an MSEE degree in l93Dfram Oregon 
State University. In her free time, Cindy enjoys wind- 
surfing, gardening, and singfng in a garage band 
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Ben B. Shang 

Ben Sheng was a mixed-ssgnai design engineer at 
HP's Integrated Circuit Business Division until he left 
HP in October 1996 For the project reported in this 
issue, he was responsible for system- level modeling 
and simulation, design process and tooJs support, 
and dtgrtal and analog circuit des^gn. Before that he 
worked as e physical design engineer on ASICs, pro- 
viding hack-end venfication services and support He 
is a member of The IEEE. Een received a BSEE degree 
frum the Universrty of Calrfomia at Berime fey in 1992. 
He was born in Beijing, China. 

Hugh S.C.Wallace 

Born in Eagfesham, Scot- 
land, Hugh Wallace was 
awarded a BS degree in 
engineering science with 
n oners from Edinburgh Uni- 
versity After graduating he 
joined HP's Oueensferry 
Telecom Divssion. He is cur- 
rently a CMOS integrated 
circuit .fie; SI 1. 1 ri engineer Ooing digitel desrgn for an 
IEEE 8802.3 1 OBase-T LAM MAU, Recently he worked 
on hiocfc design for the project reported in this issue 
and before that on IC design for various chips, He 
also designed 3-Gbit/s bipolar MUX and DEMUX ICs. 
Hugh IS married and has two daughters. He teaches 
basic Logo programming at a local elementary school 
and serves on the schools technology committee. In 





ti^lteetifi^ he enjoys isuiWing furnrtum using hard- 
woods. 

iames S. Ignowskf 

njim Ignowski \$ a member of 
the Fon Collins tedinical 
staff of HFs iftregrated Cir* 
curt Business Divaston Hi 
cbrrently does dfgital and 
analog CMOS design for 
ViSI ICs and reeently did 
block design for the projsrt 
reported m this issue. Before 
that he did analog and digital design for various ICs 
in such areas as IC test, graphics,, read channels, 
CPUs, and computer systems. He has authored or 
coauthored several papers for HP's Design Techoology 
Conferences jOTCsl, Jim is a member of the IEEE and 
sits on a DTC technical comminee. Born in Sioux 
Falls. South Dakota, he received a BSEE degree in 
1984 from Rice University and an MSEE in 1988 from 
Stanford Unfversity. He joined HP's Optical Commu- 
nications Division in 1 9B4 and did bipolar and CMOS 
analog design for optncoupler products. He is named 
as an inventor rn a patent involving circuits for realiz- 
ing an optical isolator. Jim is married and has two 
children. He is the commissioner of the HP Fort Collins 
sohball league, His activities include sports such as 
Softball, basketball, and football. He also enjoys 
music and outdoor recreation such as hiking ^ camp- 
ing, and skiing. 
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Lionet C. Bening 

An engineer/sctentjst at HP's 
Convesc Division smcs 1989, 
Lionel Benrng was recently 
responsibleforthe Verilog 
design language style deci- 
sions for the HP Exemplar 
S-cIa ss and X-c I ass tec h n ica I 
^j^ ^^^^ servers. Since joining HR he 

^^ ^^ has developed toots and 

methods for speeding up lag re simulations for the 
Convex C3 and C4 computer designs. He is currently 
responsible for the future development of the parallel 
processing server design language and lor devetop- 
ment of simulation CAD tools He has authored or 
coauthored papers on I ogre simulation and timing 
verification for several technical conferences and is a 
member of the IEEE Computer Society, the ACM, and 
the ACM Special Interest Group on Design Automa- 
tion, He was awarded a BSEE degree from the Uni- 
versity of lyiinnesota in 19S2. He then worked at Con- 
trol Data Corporation and was an ad|unci instructor 
at the University of Minnesota. Lionel is married and 
has two daughters. He enjoys playing touch football, 
singing in a lecal chorus, and enhancing his web site, 
which is available at. http://DunM] rid, CompuServe, com 
/homepages/ben ing 






Tony M, Brewer 

^^^^^^ Torry Brewer is a system 

^^^^^^ arch it^t at HFs Comwn 
W^^^^^k sror^ and fS responsible 

i « •* V ^anJware design arid 

' T :}uter archii^ture, Hs is 

rntly doir^g pedOfmancs 
:--fjaT£onof system en- 
- :ements for the HP SPP 
2000 system He (S a mem- 
ber of the IEEE and wrote and presented a pspef at 
the 1995 CompCon conference. He earned a BSEE 
degnes in 1^] and an MSEE degree in 1^2, both 
from Purdue Untvefstty, 

Hari7 D. Foster 

V ■■' in Bediesda, Maryland. 
' -'^<t Foster was awarded a 
BSEE degree in T 983 from 
the University of Maryland 
rr.d an MSCS degree in 
■ 989 from the University of 
Texas. He then joined HP's 
Convex Division as a engi- 
neer/scientist and has been 
responsible for CAD tool research and development 
for the Convex C340D and C4 computers. Recently he 
worked on the HP Exemplar S-class and X-class tech- 
nical servers and was responsible for the formal veri- 
fication, resynthesis. and clock tree builder. He also 
contributed to the postsriicon design verification. 
Before joining HP, he worked at Texas Instruments' 
Defense Systems Group as a board and ASIC design 
engineer In his free time, Harry loves to rraveL lift 
weights, and inline-skate. 

Jeffrey S. Quigley 

Jeff Quigley joined HP's Con- 
vex Division in 1986 and has 
worked on CAD tools and 
processes lor the Convex C2, 
C3, C4 and Exemplar S-class 
and X -class technical serv- 
ers. He is currently the de- 
sign automation manager for 
the Exemplar servers. Jeff is 
a member of the IEEE. He received a BSEE degree in 
1980 from the University of Kansas and en MBA in 
1984 from Southern Methodist Unjversfty. Before 
coming to HP he worked at Texas Instruments in the 
Defense Electronics Group m various design and CAD 
positions. Jeff was born in Dmaha, Nebraska. Ha is 
married and has a daughter and son, He enjoys out- 
door sports such as running and swtmming. 

Roberi A, Sussirtan 

Bob Sussman has been 
a design engineer at HP's 
Convex Division since 1986 
and was responsibfe lor the 
development of ASIC CAD 
t ^ ^;^ Jf tools for the HP Exemplar 
\ : '' jf S-class and X-class techni- 

^m "--^-^^^^^ ca I s erve rs . B ob ea rned a 
^^^ ^^^" BSEE degree in 1984 from 
the University or Virginia He continues to work on 
ASIC CAD tools. 





)Copr. 1949-1998 Hewlett-Packard Co. 



April 1 mi U f wktt Packard Jo umaJ 1 1 1 




Paul F. Vogel 

Barn in Peona, Jllinois, Paul 
Vogel received a BSEE de- 
gree in 19B3 from the Uni- 
versity □Mllmois. A design 
engineer at HP's Convex 
Division, he has worked on 
ASIC CAD tool development 
including the latch array 
compile r. floor plan tool, 
and postfDLfte analysis far the HP Exemplar S-class 
end X-class servers Previously, he was en ASIC 
design engineer. Hb is curfeotly doing poslsilicon 
design verification. Before joining HP. he worked 
at Mostek as a microprocessor product engineer and 
at Honeywell as a VHSIC product engineer. 

Aaron W. Wells 

A CAD engineer at HP's Con^ 
vex Division, Aaron Wells 
provided the primary place 
and route support for the HP 
SPP 2000 computer and is 
currently responsible for 
physical design strategies 
for HP SPP ZODO follow-ons. 
Aaron received a BSEE de- 
gree in 1984 from the Georgia Institute of Technology. 
Before coming to HR he worked at Harris Corporation 
as a CAD tools specialist in the Computer Systems 
Division. He joined HP in 1 989 as an ASIC physical 
design specialist Aaron was born in Cynthiana, 
Kentucky. 
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Rory L Fisher 




Rory Fisher earned a BSEE 
degree in 1991 and an MSEE 
degree in 1994, both from 
Brigham: Young University. 
After graduating, he joined 
the product design group at 
HP's Integrated Circuit Busi- 
ness Division. As a hard- 
ware design engineer, he is 



currently designing a memory interface chip for a 
high-performance file server. He recently worked on 
the convolver circuit, bus interface, and test method- 
ology for the HP IMACC chip. He has also worked on 
a texture mapping ctiip and an image enhancing chip 
for medicaf applications, A member of the IEEE, flory 
is intBrestfid in high-speed data transfer and reloble 
test strategies Before coming to HP he worked at 
IBM in Burlington, Vermont, developing an Ethernet 
and token rmg chip and a graphics coprocessor, Born 
m San Jose, California, Rory is married and enjoys 
racquetbalt, snow boarding, waters knng, and cycling 
in Rocky Mountain National Park. 

Stephen R. Herbener 

A hardware engineer at HP's 

integrated Circuit Business 
Division. Steve Herbener is 
responsible fur I/LSI hard- 
ware and CAD tool desjgn 
He has worked on ICs for 
disk drives and hardware 
graphics accelerators for HP 
90O0 Series 300 through 700 
workstations He did VLSI hardware design for the HP 
IMACC chip. Steve is a member of the IEEE. He was 
awarded a BS degree in computer science in 1982 
from the University of Nebraska at Lincoln and an 
MSEE degree in 19B5from the University of Illinois 
at Urbana< Champaign, Before joining HP in 1936, 
he worked as a hardware engmeer at Data General 
designing a PC XT clone, Born in Peoria. Illinois, 
Steve IS married and has one son. In his free time, 
he serves as a Boy Scout leader and loves spending 
time in the Colorado outdoors hiking, skiing, camping, 
and nver ratting. He js passionate about music, plays 
trumpet, and is a member of HP's jazz band, the 
Greeley Chamber Orchestra, and the fstorthern 
Colorado Concert band. He also composes music 
on his electronic synthesizer 





John R.Morgan 

John Morgan is a hardware 
design engineer at HP's Inte- 
grated Circuit Business Divi- 
sion and is currently working 
on the design of graphics 
chips. He did block design 
and custom tool develop- 
ment for the HP IMACC chip. 
With HP since 1976. he pre- 
viously designed CAD tools, including a reticle gener- 
ator, worked at the HP Loveland Technical Center 
developing and supporting tCCAO tooEs, and did pio- 
neering work on HP's hierarchical IC design method- 
ology at HP's Colorado Springs Technical Center He 
was awarded a BSEE degree in 1 979 from the Univer- 
sity of Colorado at Colotado Springs, John is married 
and has two daughters. He spent three years in the 
U.S Army attending OCS and serving in Gemianyas 
an artillery lieutenant. He is active in his church and 
IS chairman of the administrative board. In his free 
time, he enjoys singing opera, woodworking, and 
designing loudspeakers 

Jahn R. Pessetto 

Born in Salt Lake City, Utah. 
John Pessetto received a 
BSEE degree in T9B0 and an 
MSEE degree in 1 332, both 
from the University of Utah 
After graduating, he spent 
seven years at IBM doing 
DRAM and SCRAM design 
During that lime he co- 
authored two papers on his work and was named as 
an inventor in a patent involving DRAM memory cells. 
In 19E9 he joined HP's Integrated Circuit Business 
Division as a hardware design engineer and has been 
designing graphics display and acceterator chips. He 
designed the interpolator for the HP IMACC chip and 
)s cun'ently designing an interpolator and span -step- 
per for a new graphics chip- John is a member o^ the 
IEEE. He is married^ has three children, and coaches 
basketball and baseball for a local youth league, His 
hobbies and challenges include investing in his stereo 
system, attempting to knock a softball out of the ball 
park, and teaching his daughter about boys. 
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